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ABSTRACT
Probing the origin of r-process elements in the universe represents a multi-disciplinary challenge. We review the
observational evidence that probe the properties of r-process sites, and address them using galactic chemical evolution
simulations, binary population synthesis models, and nucleosynthesis calculations. Our motivation is to define which
astrophysical sites have significantly contributed to the total mass of r-process elements present in our Galaxy. We
found discrepancies with the neutron star (NS-NS) merger scenario. Assuming they are the only site, the decreasing
trend of [Eu/Fe] at [Fe/H]> −1 in the disk of the Milky Way cannot be reproduced while accounting for the delay-
time distribution (DTD) of coalescence times (∝ t−1) derived from short gamma-ray bursts and population synthesis
models. Steeper DTD functions (∝ t−1.5) or power laws combined with a strong burst of mergers before the onset
of Type Ia supernovae can reproduce the [Eu/Fe] trend, but this scenario is inconsistent with the similar fraction
of short gamma-ray bursts and Type Ia supernovae occurring in early-type galaxies, and reduces the probability of
detecting GW170817 in an early-type galaxy. One solution is to assume an extra production site of Eu that would be
active in the early universe, but would fade away with increasing metallicity. If this is correct, this extra site could be
responsible for roughly 50 % of the Eu production in the early universe, before the onset of Type Ia supernovae. Rare
classes of supernovae could be this additional r-process source, but hydrodynamic simulations still need to ensure the
conditions for a robust r-process pattern.
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1. INTRODUCTION
Understanding the origin of rapid neutron-capture
process (r-process) elements in the universe requires a
multi-scale framework including nuclear astrophysics,
stellar spectroscopy, gravitational waves, short gamma-
ray bursts (GRBs), and galaxy formation theories (e.g.,
Beers & Christlieb 2005; Arnould et al. 2007; Berger
2014; Frebel & Norris 2015; Ferna´ndez & Metzger 2016;
Abbott et al. 2017b; Thielemann et al. 2017; Frebel 2018;
Horowitz et al. 2018; Cowan et al. 2019). To best inter-
pret stellar abundances of r-process elements1 derived
from spectroscopy, nucleosynthesis calculations must be
convolved with galaxy evolution simulations. To include
r-process sites in such simulations, the general proper-
ties of those sites must be known, which in the case
of neutron star (NS-NS) mergers can be constrained by
gravitational wave and short GRBs detections.
The goal of our study is to build a coherent inter-
disciplinary picture to identify which astrophysical
site(s) have significantly contributed to the amount
of r-process elements present in the Milky Way. We re-
view the different observational evidence that probe the
properties of r-process sites, and investigate them from
the perspective of galactic chemical evolution (GCE)
simulations, binary population synthesis models, and
theoretical nucleosynthesis. In particular, we focus on
the tensions that emerge when NS-NS mergers are as-
sumed to be the only r-process site (see Table 1). We
refer to Duggan et al. (2018) and Sku´lado´ttir et al. (in
preparation) for a discussion of r-process sites in dwarf
galaxies.
Many studies addressed the challenge of explaining
with NS-NS mergers the presence of Eu, a lanthanide el-
ement, in the atmosphere of the most metal-poor stars
([Fe/H].−2) of the Galactic halo (e.g., Argast et al.
2004; Matteucci et al. 2014; Cescutti et al. 2015; Ishi-
maru et al. 2015; Shen et al. 2015; Wehmeyer et al.
2015; Safarzadeh et al. 2018; Haynes & Kobayashi 2019,
see also Section 5.5). In this paper, we instead focus
on the decreasing trend of [Eu/Fe]2 at [Fe/H]>−1 in
the Galactic disk. Currently, this trend cannot be well
reproduced by invoking a proper delay-time distribu-
tion (DTD) for NS-NS mergers (Coˆte´ et al. 2017a; Ho-
tokezaka et al. 2018; Simonetti et al. 2019). This distri-
1 By r-process elements we mean neutron-capture elements that
are, to the best of our knowledge, mostly produced by the r-
process.
2 [A/B] ≡ log10(nA/nB)− log10(nA/nB), where nA and nB
represent the number density in the stellar atmosphere of elements
A and B, respectively. The second term on the right-hand side
represents the solar composition.
bution can be seen as the probability of a merger event
to occur at a given delay time following the formation
of the binary system.
In this paper, we explore different DTD functions
for NS-NS mergers in order to recover the evolution of
[Eu/Fe] in the Galactic disk using chemical evolution
models. We then discuss whether those new DTD func-
tions are consistent with other constraints outside the
world of chemical evolution, such as the host galaxies
of short GRBs, gravitational wave detections, and bi-
nary population synthesis predictions. We also present
a list of alternative r-process enrichment scenarios in
the Milky Way with multiple r-process sites involving
rare classes of supernova, and discuss their implications
with respect to a diverse range of observational and the-
oretical constraints. Overall, this work aims to isolate
and highlight the current inter-disciplinary tensions that
need to be addressed in future studies in order to iden-
tify the dominant r-process site(s) in the Milky Way.
The outline of this paper is as follows. We review the
observational evidence related to the production of r-
process elements in Section 2. In Sections 3, 3.4, 4, we
address the properties of r-process sites from the point
of view of galactic chemical evolution simulations, bi-
nary population synthesis models, and theoretical nu-
cleosynthesis calculations, respectively. In Section 5,
we highlight the inter-disciplinary tensions associated
with existing r-process enrichment scenarios involving
compact binary mergers and magneto-rotational super-
novae, and propose alternative scenarios to be confirmed
or disproved by future work. Our discussion and con-
clusions are in Sections 6 and 7, respectively.
2. OBSERVATIONAL EVIDENCE
Here we review the observational evidence that probe
the properties of the r-process sites. We interpret these
observables with numerical simulations in Sections 3 and
4, and attempt to build a consistent multi-disciplinary
picture in Section 5.
2.1. Neutron-Capture Elements in Metal-Poor Stars
Metal-poor stars in the Galactic halo and in dwarf
galaxies can be unique tracers of r-process nucleosynthe-
sis in the early universe (e.g., Sneden et al. 2008; Frebel
2018; Horowitz et al. 2018). Throughout this paper,
we will refer to the three peaks in the r-process abun-
dance distribution, the first peak at Se-Kr, the second
peak at Te-Xe, and the third peak at Os-Pt-Au. Heavier
than the third peak are the actinide elements such as Th
and U. We note that the solar r-process residual pattern
is obtained by subtracting the contribution of the slow
neutron-capture process (s-process) from the total solar
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abundances (e.g., Kappeler et al. 1989; Arlandini et al.
1999; Burris et al. 2000; Simmerer et al. 2004; Sneden
et al. 2008; Bisterzo et al. 2014).
2.1.1. r-Process Enhanced Stars
For stars with strong enhancements in neutron-
capture elements, abundances of more than 35 elements
between Sr and U can be derived (Roederer et al. 2012b;
Roederer & Lawler 2012; Siqueira Mello et al. 2013;
Mashonkina et al. 2014; Ji & Frebel 2018), typically
with accuracies better than ± 0.2 dex, owing to large
telescopes, high resolution spectrographs, and improved
knowledge of stellar parameters and atomic physics
(e.g., Sneden et al. 2003; Hansen et al. 2015a; Ezzeddine
et al. 2017). Some metal-poor stars are moderately or
strongly enhanced in r-process elements and are classi-
fied based on their [Eu/Fe] and [Ba/Eu] ratios: r-I stars
when [Eu/Fe] > 0.3 and [Ba/Eu] < 0, r-II stars when
[Eu/Fe] > 1.0 and [Ba/Eu] < 0. We note that Ba is
actually past the second r-process peak. Eu is located
between the second and third r-process peak.
Sneden et al. (2003) first showed that the abun-
dances of CS 22892-052, an r-II star, was similar within
0.2− 0.3 dex to the solar r-process pattern between the
second and third peak. Since then, many studies found
additional r-process enhanced stars that also show this
pattern with similar precisions (Roederer et al. 2009a;
Cowan et al. 2011; Roederer et al. 2012b; Mashonkina
et al. 2014; Ji et al. 2016b; Placco et al. 2017; Holm-
beck et al. 2018; Sakari et al. 2018). This pattern has
also been found in dwarf galaxy stars, such as in Retic-
ulum II (Ji et al. 2016b; Ji & Frebel 2018). This uni-
versal abundance pattern, between the second and third
r-process peak, is referred to as the main r-process. De-
riving abundances for elements in the second r-process
peak requires space telescopes with spectrographs oper-
ating in the ultraviolet. This has been done for a handful
of stars only, and their abundances are consistent with
the main portion of the scaled solar r-process pattern
(Roederer & Lawler 2012; Roederer et al. 2012a).
While the main r-process observationally appears very
robust, r-process enhanced stars do show large varia-
tions up to ∼ 1 dex among first-peak neutron-capture
elements such as Sr, Y, and Zr (e.g., Hansen et al. 2014;
Roederer et al. 2014a; Ji et al. 2016b; Hansen et al.
2018b; Ji & Frebel 2018; Spite et al. 2018). Although
the origin of those variations is still unclear, it suggests
there is more than one astrophysical site that can pro-
duce the first-peak elements (e.g., Hansen et al. 2014;
Cescutti et al. 2015; Spite et al. 2018). At low metallic-
ity, these elements could be made by different nucleosyn-
thesis processes (see, e.g., Montes et al. 2007; Roederer
et al. 2010) such as neutrino-driven winds and the νp-
process in CC SNe (Fro¨hlich et al. 2006; Farouqi et al.
2009; Roberts et al. 2010; Arcones & Montes 2011; Ar-
cones & Thielemann 2013), the s-process in fast-rotating
massive stars (Pignatari et al. 2008; Frischknecht et al.
2016), or the intermediate neutron-capture process (i-
process, Roederer et al. 2016a).
Besides variations in the first peak, there is also a
range of abundances found in the actinide elements with
atomic number Z ≥ 80 (e.g., Hill et al. 2002; Roederer
et al. 2009b). Stars with an high Th/Eu ratio relative to
the solar r-process pattern have been termed actinide-
boost stars. Ji & Frebel (2018) recently reported the
discovery of an actinide-deficient star in Reticulum II.
This has broadened the range of Th abundances rela-
tive to the solar pattern to ∼ 0.6 dex (see also Schatz
et al. 2002; Roederer et al. 2009a; Mashonkina et al.
2014; Hansen et al. 2018a; Holmbeck et al. 2018). We
note that U abundances scale with Th values, but only
very few U measurements are available. It is currently
difficult to determine whether the variations in actinide
abundances is a result of different r-process sites, or the
trace of different ejecta with different physical conditions
within the same site (see discussion in Section 6.4).
2.1.2. Limited r-Process Stars
In contrast to the r-process enhanced stars, the major-
ity of very metal-poor stars with [Fe/H] < −2.0 do not
show any significant enhancements in neutron-capture
elements. Although their abundances or upper limits
among halo stars are often extremely low, they still
show large star-to-star scatter. Some of these stars dis-
play no super-solar enhancement in neutron-capture el-
ements but nevertheless display a systematic depletion
of Ba and heavier elements relative to the abundances of
lighter neutron-capture elements such as Sr. Stars with
this signature has recently been termed limited r-process
stars (Frebel 2018). The metal-poor star HD 122563
(Honda et al. 2006) is a famous example. However, as
for the large scatter in the abundances of first-peak ele-
ments in r-process enhanced metal-poor stars (see Sec-
tion 2.1.1), the nucleosynthetic origin(s) of limited r-
process stars is still unclear.
2.1.3. Scatter of [Eu/Fe] in Galactic Halo Stars
The large scatter seen in the [Eu/Fe] ratio of r-process
enhanced metal-poor stars in the Milky Way halo (blue
crosses in Figure 1), compared to the smaller scatter
seen in [α/Fe]3, indicates that the production of Eu
3 The α elements are mostly produced by massive stars and
include elements such as O, Mg, Si, Ca, and Ti.
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Figure 1. Evolution of europium abundances ([Eu/Fe]) as a
function of iron abundances ([Fe/H]) observed in the Milky
Way. The blue crosses represent a compilation of data ex-
tracted with the JINABase (Abohalima & Frebel 2017), con-
taining Burris et al. (2000), Sneden et al. (2003), Christlieb
et al. (2004), Barklem et al. (2005), Frebel et al. (2007),
Aoki et al. (2013), Roederer et al. (2014b), and Hansen et al.
(2015b). We excluded upper limits and only selected stars
with [Eu/Fe] > 0.3 and [Ba/Eu] < 0. The latter criteria
aims to remove metal-poor s, i, and r+s stars. To this com-
pilation, we added the 12 r-II stars found in Hansen et al.
(2018b). The cyan circles are disk star data taken from Bat-
tistini & Bensby (2016). The dotted black lines mark the
solar values (Asplund et al. 2009).
in the early universe must have been rare and prolific
compared to the production of α elements by standard
CC SNe (e.g., Cescutti et al. 2015; Hirai et al. 2015;
Wehmeyer et al. 2015; Naiman et al. 2018). The re-
cent analysis of Macias & Ramirez-Ruiz (2018) suggests
a minimum ejection of ∼ 10−3 M of r-process material
per event to explain the most Eu-enhanced stars. The
rarity of r-process events is also necessary to explain the
low frequency of r-process enhanced ultra-faint dwarf
galaxies such as Reticulum II (Ji et al. 2016a; Roederer
et al. 2016c). A comparison between the abundance of
244Pu in the Earth’s ocean crust and the value derived
for the early solar system also supports the idea that
the r-process elements should be produced in rare events
that eject a large amount of mass (Wallner et al. 2015;
Hotokezaka et al. 2015; Lugaro et al. 2018).
2.2. Evolution of [Eu/Fe] in the Galactic Disk
At higher metallicity ([Fe/H]>−1.5) in the Galactic
disk, there is no star with a clean r-process signature
because of the production of neutron-capture elements
by the s-process (e.g., Gallino et al. 1998). To probe
the evolution of r-process elements in disk stars, we use
Eu. According to the solar r-process pattern, defined by
subtracting the s-process pattern from the total solar
abundance pattern, Eu was produced at ∼ 97 % by the
r-process (e.g., Burris et al. 2000), at the time the solar
system formed 4.6 Gyr ago (Connelly et al. 2017). We
note, however, that there are uncertainties in s-process
yields (e.g., Bisterzo et al. 2014; Cristallo et al. 2015),
and that the i-process could potentially alter the exact
composition of the r-process residuals by contributing
to the production of neutron-capture elements (see e.g.,
Dardelet et al. 2014; Hampel et al. 2016; Roederer et al.
2016b; Coˆte´ et al. 2018a; Denissenkov et al. 2018). We
discuss the possible production of Eu by the i-process in
Section 6.5. Throughout this paper, we assume that Eu
is a reliable r-process tracer.
An important feature of the chemical evolution of Eu
in the Milky Way is the decreasing trend of [Eu/Fe] in
the disk, as recorded in stars with [Fe/H] > −1 (cyan
dots in Figure 1). This data behaves similar to the
chemical evolution of [α/Fe] (see e.g., Bensby et al.
2014; Buder et al. 2018; Spina et al. 2018). Because
α elements are mostly produced in massive stars (e.g.,
Woosley et al. 2002; Nomoto et al. 2013), we can as-
sume that the overall production rate of r-process ele-
ments should also follow the lifetime of massive stars.
In particular, because this decreasing trend originates
from the extra production of Fe by Type Ia supernovae
(SNe Ia) that mixes with the material ejected by CC SNe
(e.g., Matteucci & Greggio 1986; Matteucci et al. 2009;
Few et al. 2014), the production of r-process elements
should occur on timescales shorter than SNe Ia, as for α
elements (see Section 3 for more details). We note that
the AMBRE Project recently measured abundances for
Gd and Dy, two other tracer elements of the r-process,
in the Galactic disk (Guiglion et al. 2018). They showed
that [Gd/Fe] and [Dy/Fe] also have decreasing trends at
[Fe/H] > −1.
2.3. Short Gamma Ray Bursts and Type Ia Supernovae
While long-duration GRBs are associated with the
explosion of massive stars, the progenitors of short-
duration GRBs are believed to be NS-NS or black hole -
neutron star (BH-NS) mergers (see Berger 2014 for
a review). The detection of the short GRB that fol-
lowed the NS-NS merger event GW170817 measured
by LIGO/Virgo (Abbott et al. 2017b) reinforced even
more this idea. We discuss the broad implication of
GW170817 in Section 2.4. For now, we focus on the
properties of short GRBs to probe the coalescence
timescales of compact binary systems. We also com-
pare results from short GRB observations with those
of SNe Ia observations in order to investigate whether
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those two types of events occur on similar timescales.
This is relevant for GCE simulations (see Section 3).
2.3.1. Host Galaxies
In the review of Berger (2014), ∼ 30 % of the 26 short
GRBs with classified host galaxies are found in early-
type galaxies (see also Fong et al. 2013; D’Avanzo 2015).
A similar fraction of ∼ 1/3 has been derived by Fong
et al. (2017) with the 36 short GRBs detected between
2004 and 2017. Early-type (giant elliptical and S0)
galaxies typically show a lack or low level of recent star
formation compared to late-type (spiral) galaxies (e.g.,
Gonza´lez Delgado et al. 2016) and are dominated by
old stellar populations (e.g., van de Sande et al. 2018).
This implies that a certain fraction of NS-NS mergers,
if they are the source of short GRBs, must have long
coalescence timescales. Otherwise, they would be ex-
clusively found in star-forming late-type galaxies, as for
core-collapse supernovae (CC SNe) (e.g., Li et al. 2011)
and long GRBs (e.g., Berger 2014).
A fraction of SNe Ia is also observed in early-type
galaxies (e.g., Mannucci et al. 2005; Li et al. 2011). Us-
ing the ∼ 370 classified SNe Ia found in the Lick Ob-
servatory Supernova Search (LOSS), between 15 % and
35 % of SNe Ia occur in early-type galaxies (Figure 5
in Leaman et al. 2011, see also Graur et al. 2017a,b),
depending on whether we exclude or include S0-type
galaxies in the early-type category. Similar percentages
of 10 % and 32 % are obtained using the 103 SNe Ia
with classified host galaxies from the Carnegie Super-
nova Project (Krisciunas et al. 2017). Using ∼ 450 clas-
sified SNe Ia found in the Sloan Digital Sky Survey-II
(SDSS-II) Supernova Survey4 (Sako et al. 2014), be-
tween 12 % and 40 % of SNe Ia are found in galaxies
with stellar masses above 0.5 − 1.0 × 1011 M (see also
Uddin et al. 2017), which is roughly the mass range
above which early-type galaxies become the dominant
type in galaxy populations (e.g., Kelvin et al. 2014; Mof-
fett et al. 2016; Thanjavur et al. 2016). Using the same
sample, we find that ∼ 25 % of SNe Ia occur in passive
galaxies that do not form stars anymore.
Compared to the ∼ 30 % derived for short GRBs with
classified host galaxies, this suggests that short GRBs
and SNe Ia occur on average on similar timescales.
2.3.2. Delay-Time Distributions
The DTD function of an astronomical event represents
the probability of that event to occur at a given time t
following the formation of its progenitor objects. Dif-
ferent approaches for deriving observationally the DTD
4 https://data.sdss.org/sas/dr10/boss/papers/supernova/
function of SNe Ia are described in Maoz et al. (2014).
Regardless of the different methodologies, most studies
point toward a DTD in the form of t−1 (Totani et al.
2008; Maoz et al. 2010, 2012; Graur et al. 2011, 2014;
Perrett et al. 2012), which is consistent with the predic-
tions of population synthesis models (e.g., Ruiter et al.
2009).
Similar techniques can be applied to short GRBs. Ac-
cording to Fong et al. (2017), and references therein,
the DTD function of short GRBs could also be in the
form of t−1. This is also in agreement with population
synthesis studies (e.g., Dominik et al. 2012; Chruslinska
et al. 2018). As mentioned in Section 2.3.1, the statis-
tics of short GRB detections is still low and the derived
DTD function could change in the near future (see also
discussion in Fong et al. 2017). We note that D’Avanzo
(2015) argued for a steeper DTD function in the form
of t−1.5 for short GRBs. However, this provides tension
with respect to the similar fraction of short GRBs and
SNe Ia occurring in different types of galaxies (see Sec-
tion 2.3.1), unless the DTD function of SNe Ia turns out
to also be in the form of t−1.5, as suggested by the recent
analysis of Heringer et al. (2017).
According to the 13 confirmed NS-NS binary systems
observed in the Milky Way compiled by Tauris et al.
(2017), six of them have an estimated coalescence time.
This excludes systems that will merge in more than
50 Gyr. The additional NS-NS binary PSR J1946+2052
discovered by Stovall et al. (2018) has an estimated co-
alescence time of 46 Myr. When put in an increasing
order, these seven NS-NS binaries should merge in 46,
86, 217, 301, 480, 1660, and 2730 Myr. Although a larger
sample is needed to derive a reliable DTD function,
the fact that two of the seven systems have coalescence
timescales larger than 1 Gyr is consistent with the idea
that the number of NS-NS mergers, if they are respon-
sible for short GRBs, should be distributed following a
long-lasting DTD function.
2.4. The Gravitational Wave GW170817
The detection of GW170817 by LIGO/Virgo (Abbott
et al. 2017b) and its associated electromagnetic emis-
sions is to date the best direct evidence that NS-NS
mergers can synthesize r-process elements. In the next
subsections, we review the implication of this event on
the contribution of NS-NS mergers on the origin of r-
process elements in the Milky Way.
2.4.1. The Host Galaxy NGC4993
This first NS-NS merger detection occurred in
NGC 4993, an early-type galaxy (Abbott et al. 2017d;
Coulter et al. 2017). Analysis of the properties of
this galaxy revealed a current stellar mass of about
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0.3 − 1.4 × 1011 M and a star formation rate (if any)
below ∼ 10−2 M yr−1 (Blanchard et al. 2017; Im et al.
2017; Levan et al. 2017; Pan et al. 2017), which is signif-
icantly lower compared to what is observed in late-type
galaxies having similar stellar masses (see Figure 4 in
Gonza´lez Delgado et al. 2016). According to Levan
et al. (2017), an upper limit of only ∼ 1 % of the stellar
mass could originate from young stars. Given the prop-
erties of the host galaxy of GW170817, Pan et al. (2017)
argued that the delay between the formation of the pro-
genitor binary system and the NS-NS merger event have
likely been greater than ∼ 3 Gyr. By convolving the star
formation history of NGC 4993 with a DTD function in
the form of t−1, Blanchard et al. (2017) calculated the
probability of the merger timescale to be between 6.8
and 13.6 Gyr, with 90 % confidence.
According to population synthesis models, the DTD
function of NS-NS mergers does extend up to ∼ 10 Gyr,
but most of the merger events are likely to occur within
the first Gyr following the formation of the progenitor
stars (e.g., Chruslinska et al. 2018). Therefore, accord-
ing to Belczynski et al. (2017b), detecting the first NS-
NS merger event in an early-type galaxy was unlikely,
although not impossible. The low probability of this
event is also discussed in Levan et al. (2017). With only
one NS-NS gravitational wave detection, conclusions are
limited, but the host galaxy of GW170817 does inform
us that it is at least possible for NS-NS mergers to have
Gyr-long coalescence timescales. We refer to Palmese
et al. (2017) for a discussion on a possible formation
mechanism for the binary neutron star system that led
to GW170817 in NGC 4993.
2.4.2. The Kilonova AT 2017gfo (SSS17a)
The ultraviolet, optical, and infrared emission from
GW170817 suggest a significant production of r-process
elements (e.g, Chornock et al. 2017; Cowperthwaite
et al. 2017; Drout et al. 2017; Pian et al. 2017; Tanaka
et al. 2017; Villar et al. 2017). In particular, its late-time
infrared emission suggests the production of lanthanide
elements (e.g., Barnes & Kasen 2013; Ferna´ndez & Met-
zger 2016; Tanvir et al. 2017; Wollaeger et al. 2018,
but see Rosswog et al. 2018; Wanajo 2018; Wu et al.
2018). Multi-dimensional simulations are based on two-
component models (e.g., Tanvir et al. 2017). The first
component is the neutron-rich dynamical ejecta that
produces heavy r-process elements up to the third peak,
at the time the compact objects collide. The second
one is a wind component primarily composed of first-
peak r-process elements, which is launched at later time
once the compact objects have merged. We refer to Ap-
pendix C.1 for more details on those two components
and on their nucleosynthesis.
All models, however, used approximate opacities
since detailed databases of opacities for all heavy el-
ements are not yet available. State-of-the-art stud-
ies used a few opacities as surrogates for the entire
rare-Earth lanthanide element distribution (Barnes &
Kasen 2013; Wollaeger et al. 2018), but many others
used constant opacities as a function of temperature,
density, and wavelength. In some calculations, the in-
ferred ejected mass of heavy r-process elements is less
than 10−5 M (Arcavi et al. 2017). But most models
predicted ∼ 0.001 − 0.01 M of dynamical ejecta, and
∼ 0.01 − 0.03 M of wind ejecta (see Table 1 in Coˆte´
et al. 2018b).
The ejected mass of the dynamical and wind compo-
nents both depend on the total mass and the mass ratio
of the merging neutron stars. Typically, systems with
extreme mass ratios eject more dynamical mass (Ko-
robkin et al. 2012; Bovard et al. 2017, and references
therein) and produce larger disk masses (Giacomazzo
et al. 2013). If the wind ejecta represent a constant
fraction of the disk mass, we would expect the wind
ejecta to also increase with more extreme mass ratios,
although the exact amount of ejected mass depends on
the simulation (see Siegel & Metzger 2018, and refer-
ences therein). The current constraint on the neutron
star mass ratio for GW170817 ranges from 0.4 to 1.0
(Abbott et al. 2017c).
Although the wind ejecta are thought to mostly be
composed of first-peak r-process elements, they may also
include some heavier elements. This could alter the ra-
tio of the abundances between the second and third r-
process peaks, an undesired effect given the robustness
of the r-process between the second and third peaks,
as observed in r-process enhanced metal-poor stars (see
Section 2.1.1).
2.4.3. The Merger Rate Density
The local NS-NS merger rate density of 1540+3200−1220
Gpc−3 yr−1 provided by LIGO/Virgo (Abbott et al.
2017c) represents a significant step forward in constrain-
ing the role of NS-NS mergers on the production of
r-process elements in the universe. Several analytical
calculations, based on estimates for the total mass of
r-process elements currently present in the Milky Way,
showed that the rate could be high enough to explain
all the r-process mass with NS-NS mergers only (Ab-
bott et al. 2017a; Chornock et al. 2017; Cowperthwaite
et al. 2017; Gompertz et al. 2017; Kasen et al. 2017;
Rosswog et al. 2017b; Tanaka et al. 2017; Wang et al.
2017; Hotokezaka et al. 2018, see also Rosswog et al.
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1999). A similar conclusion was derived using a compi-
lation of galactic chemical evolution simulations (Coˆte´
et al. 2018b).
Unfortunately, the uncertainties in the merger rate
and in the total mass ejected per NS-NS merger (see
Section 2.4.2) remain very large and it is not possible at
the moment to come to a firm conclusion regarding the
actual contribution of NS-NS mergers (see Figure 3 in
Coˆte´ et al. 2018b). Therefore, although NS-NS mergers
are likely to be an important site of r-process nucleosyn-
thesis, their existence does not rule out possible contri-
butions by other r-process sites, such as rare classes of
CC SNe and BH-NS mergers.
3. CHEMICAL EVOLUTION SIMULATIONS
GCE simulations can bridge nuclear astrophysics ef-
forts and stellar abundances derived from spectroscopy.
In addition to the yields and properties of different
enrichment sites, GCE simulations also take into ac-
count galaxy evolution processes such as star formation
and interactions between galaxies and their surround-
ing medium (e.g., Gibson et al. 2003; Prantzos 2008;
Nomoto et al. 2013; Matteucci 2014; Somerville & Dave´
2015). In this section, we describe how GCE simula-
tions can be used to test the impact of NS-NS mergers
on the evolution of r-process elements in the Milky Way.
The goal is not to use GCE simulations to define what
is the dominant r-process site. The goal is rather to use
those simulations to provide a constraint that must be
combined with other constraints coming from the other
fields of research covered in this paper.
There are two approaches commonly used to include
NS-NS mergers in GCE simulations. The first one is
to assume that all NS-NS mergers occur after a con-
stant delay time following the formation of the NS-NS
binaries (e.g., Argast et al. 2004; Matteucci et al. 2014).
The second approach is to assume that NS-NS mergers
in a given stellar population are distributed in time ac-
cording to a long-lasting DTD function typically in the
form of t−1 (e.g., Shen et al. 2015; van de Voort et al.
2015). In the later approach, NS-NS mergers can have
a wide range of coalescence times, from a few tens of
Myr to several Gyr (e.g., Rosswog 2015). We explore
alternative forms of DTD functions in Section 5.3.
3.1. Reproducing the Decreasing Trend of [Eu/Fe]
The bottom panel of Figure 2 shows the predicted
evolution of [Eu/Fe] as a function of galactic age as-
suming a constant delay time (black solid line) and a
long-lasting DTD function (∝ t−1, black dashed line)
for NS-NS mergers, assuming they are the only source of
Eu. These predictions come from a simplified version of
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Figure 2. Depiction of how the decreasing trend of [Eu/Fe]
can be generated with time. Top panel: Production rates
of Fe in CC SNe (blue line) and SNe Ia (red line) as a func-
tion of time in a galaxy with a constant star formation rate of
1 M yr−1. The black lines show the hypothetical production
rate of Eu (scaled up by a factor of 4× 105 for visualization
purposes) when assuming that Eu is ejected following the
lifetime of massive stars (solid black line) or a delay-time
distribution function in the form of t−1 (dashed black line),
similar to one adopted for SNe Ia. The pink residual dashed
line is a possible extra source of Eu in the early universe
(discussed in Section 5.5), obtained by subtracting the black
dashed line from the solid black line. Bottom panel: Evo-
lution of [Eu/Fe] using the two different assumptions used
in the top panel for the production timescale of Eu (same
line styles). Results have been calculated with a simplified
version of OMEGA (see Section 3.1), assuming 3.35× 10−4 M
of ejected Fe per units of stellar mass formed for CC SNe
(see Coˆte´ et al. 2017a), 0.7 M of ejected Fe per SN Ia, and
10−5 M of ejected Eu per r-process event.
the one-zone chemical evolution code OMEGA (Coˆte´ et al.
2017b). We adopted a constant star formation rate as a
function of time and a closed-box environment, implying
no gas exchange between the galaxy and its surrounding
environment. This simplification, although not realistic,
was adopted to facilitate the understanding of the de-
creasing trend of [Eu/Fe] in a GCE context. The top
panel of Figure 2 shows the production rate of Fe by
CC SNe (blue solid line) and SNe Ia (red solid line),
and the production rate of Eu by NS-NS mergers (black
solid and dashed lines), following the two approaches
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described above. The interpretation of the residual pink
dashed line is discussed in Section 5.5.
In this simplified framework, because massive stars
only live for a few tens of Myr, the Fe production reaches
an equilibrium after ∼ 40 Myr. The production of Fe by
SNe Ia does not show this equilibrium, since SNe Ia have
a wide range of delay times spanning from ∼ 100 Myr
to more than ∼ 10 Gyr (e.g., Ruiter et al. 2009). This
means that the first stellar population formed at the be-
ginning of the simulation will still produce SNe Ia after
∼ 10 Gyr, which is roughly the lifetime of the simulated
galaxy.
When assuming that NS-NS mergers follow the life-
time of massive stars, the production rate of Eu also
reaches an equilibrium before the onset of SNe Ia (black
solid line in top panel of Figure 2). Under this assump-
tion, when SNe Ia start to appear at ∼ 100 Myr, the
[Eu/Fe] ratio will bend and start to decrease as a func-
tion of time (black solid line in bottom panel of Fig-
ure 2). Indeed, while the production rate of Eu is in
equilibrium, the production rate of Fe is increasing, thus
progressively reducing the [Eu/Fe] ratio.
On the other hand, when using a long-lasting DTD
function in the form of t−1, the production rate of Eu
no longer reaches an equilibrium (black dashed line in
top panel of Figure 2). In fact, because the adopted
DTD function of SNe Ia is also in the form of t−1 (see
Section 2.3), the production rates of Eu and Fe evolve
in a similar way once SNe Ia start to contribute. This
results in a nearly constant value for [Eu/Fe] beyond
∼ 100 Myr (black dashed line in bottom panel of Fig-
ure 2). This flat trend, however, is not consistent with
the decreasing trend observed in the Galactic disk (see
Figure 1).
3.2. Common Message Sent by Different Studies
The inability of reproducing the decreasing trend of
[Eu/Fe] in the Galactic disk using NS-NS mergers with
a DTD function in the form of t−1 is independent of
the complexity of the GCE simulations. Indeed, when
assuming constant delay times for NS-NS mergers, all
Milky Way simulations reproduce the decreasing trend
of [Eu/Fe] (Argast et al. 2004; Matteucci et al. 2014;
Cescutti et al. 2015; Wehmeyer et al. 2015; Coˆte´ et al.
2017a). On the other hand, when assuming a DTD func-
tion in the form of t−1, all GCE simulations fail to match
the decreasing trend of [Eu/Fe] for −1 < [Fe/H] < 0
(Shen et al. 2015; van de Voort et al. 2015; Komiya &
Shigeyama 2016; Coˆte´ et al. 2017a; Hotokezaka et al.
2018; Naiman et al. 2018). The latter studies represent
a wide variety of GCE approaches including simple one-
zone models, semi-analytic models of galaxy formation,
and cosmological hydrodynamic zoom-in simulations.
Matteucci et al. (2014), Cescutti et al. (2015), and
Coˆte´ et al. (2017a) suggested that GCE predictions at
[Fe/H]>−1 are unaffected by the choice of the mini-
mum delay time for NS-NS mergers5 (see Appendix A).
In order to recover the decreasing trend of [Eu/Fe], it
seems not sufficient to make NS-NS mergers appear be-
fore SNe Ia, they also need to reach an equilibrium in
the production of Eu. Since [Eu/Fe] and [α/Fe] both
start to decrease at [Fe/H]∼−1, this equilibrium must
be reached within the first few hundreds of Myr. Al-
though in this section we assumed NS-NS mergers to
be the only r-process site, the equilibrium requirement
would be the same for any other site. It can also be
applied in the context of multiple r-process sites (see
Section 5.5). We refer to Hotokezaka et al. (2018) for a
discussion on the impact of the minimum delay time of
SNe Ia, as it could help generating a decreasing trend if
that minimum delay time is set to 400 Myr or 1 Gyr.
3.3. Confirmation From Our Study
To support the conclusion made in Section 3.2, we
tested the t−1 DTD function using the benchmark Milky
Way model of Matteucci et al. (2014), which is based
on the two-infall model originally described in Chiap-
pini et al. (1997). We refer to Simonetti et al. (2019)
for more details on this new implementation. In this
multi-zone framework, which relaxes the instantaneous
recycling approximation, the halo and thick disk form
on a relatively short timescale (1-2 Gyr) by accretion
of primordial gas. This represents the first infall event,
while the thin disk forms on a much longer timescale
by means of a second independent episode of gas accre-
tion. The thin disk is assumed to form inside out with
a timescale of 7 Gyr for the solar neighborhood. In this
work, we only focus on the thin disk.
The model predicts at all times the gas fraction and
its chemical composition. It takes into account the en-
richment from stars of all masses ending their lives as
white dwarfs and SNe of all types (II, Ia, Ib, Ic), in addi-
tion to the nucleosynthesis occurring in novae and com-
pact binary mergers. The adopted yields are taken from
Karakas (2010) and Doherty et al. (2014a,b) for asymp-
totic giant branch (AGB) and super-AGB stars, from
Nomoto et al. (2013) for massive stars, from Iwamoto
et al. (1999) for SNe Ia, from Jose´ & Hernanz (1998)
for novae, and from Korobkin et al. (2012) for NS-NS
mergers. The SN Ia rate is computed following the for-
malism of Greggio (2005). The rate of NS-NS mergers is
5 These studies have explored delay times within 100 Myr.
10 Coˆte´ et al.
0.4
0.2
0.0
0.2
0.4
0.6
0.8
1.0
[O
/F
e]
Disk stars
1.5 1.0 0.5 0.0 0.5
[Fe/H]
0.4
0.2
0.0
0.2
0.4
0.6
0.8
1.0
[E
u/
Fe
]
Constant delay time
DTD function (t 1)
Figure 3. Predicted evolution of oxygen ([O/Fe]) and eu-
ropium ([Eu/Fe]) abundances as a function of iron abun-
dances ([Fe/H]) in the Galactic disk, using NS-NS merg-
ers and the chemical evolution model of Coˆte´ et al. (2017b)
(OMEGA, orange lines) and Matteucci et al. (2014) (black lines,
see Section 3.3). The solid line shows the predictions when
assuming that NS-NS mergers all occur after a constant delay
time of 1 Myr following the formation of the binary systems,
while the dashed line shows the predictions when assuming
a delay-time distribution function in the form of t−1 to dis-
tribute NS-NS mergers as a function of time. Data derived
from spectroscopy (cyan dots) are from Bensby et al. (2014)
for [O/Fe] and from Battistini & Bensby (2016) for [Eu/Fe].
The dotted black lines mark the solar values (Asplund et al.
2009).
calculated by convolving its DTD function with the star
formation history of the Milky Way, which is generated
following a Kennicutt-Schmidt law with a threshold in
the gas surface density (Kennicutt 1998). The fraction
of NS-NS binaries that eventually merge has been tuned
to reproduce the current rate derived in Abbott et al.
(2017b).
The bottom panel of Figure 3 shows the predictions of
this model when using a constant delay time (black solid
line) and a t−1 DTD function (black dashed line) to cal-
culate the rate of NS-NS mergers. As in previous studies
(see Section 3.2), the long-lasting DTD function gener-
ates a flat trend for [Eu/Fe] and does not reproduce the
decreasing trend of the Galactic disk (cyan dots). The
little loop at [Fe/H]∼−0.5 is caused by the second in-
fall episode that introduces primordial gas in the galaxy
that momentarily dilutes the Fe concentration relative
to H. The top panel Figure 3 shows the evolution of
[O/Fe] as a comparison baseline for the decreasing trend
of [Eu/Fe].
Throughout this study, we also use the GCE code
OMEGA (Coˆte´ et al. 2017b) in order to explore differ-
ent DTD functions for NS-NS mergers (see Section 5.3),
and to compare with the results of the GCE code of
Matteucci et al. (2014) (see orange lines in Figure 3). It
consists of a classical one-zone model that adopts homo-
geneous mixing but relaxes the instantaneous recycling
approximation. SNe Ia are distributed in time following
a DTD function in the form of t−1 that is multiplied by
the fraction of white dwarfs (see Coˆte´ et al. 2016 and
Ritter et al. 2018a for more details.) Yields for low- and
intermediate-mass stars, massive stars, SNe Ia, and NS-
NS mergers are taken from Ritter et al. (2018b), Nomoto
et al. (2013), Iwamoto et al. (1999), and Arnould et al.
(2007), respectively. In this paper, every OMEGA sim-
ulations have the same physical setup, only the delay
time assumptions of NS-NS mergers are changed. By
the end of all OMEGA simulations, the mass of gas within
our Milky Way model is 9.5×109 M, the star formation
efficiency is 2.9×10−10 yr−1, and the star formation rate
is 2 M yr−1.
3.4. Population Synthesis Models
Population synthesis models aim to follow the evo-
lution of binary systems involving stars and compact
remnants (white dwarfs, neutron stars, and black holes).
The predictions of such models are typically for individ-
ual stellar populations where all stars are assumed to
form at the same time with the same initial metallicity.
In the context of this paper, these models are impor-
tant because they predict the DTD functions of NS-NS
and BH-NS mergers, which are crucial inputs for GCE
simulations.
For this study, we use the already-calculated mod-
els M10, M13, M20, M23, M25, and M26 (see Belczyn-
ski et al. 2017a) obtained with the upgraded population
synthesis code StarTrack (Belczynski et al. 2002, 2008).
These six models aim to provide a range of solutions for
the predicted DTD functions that reflects uncertainties
in the evolution of binary systems. A short description
of the StarTrack code and the models is included in
Appendix B.
Figure 4 shows the DTD functions predicted by
StarTrack for NS-NS mergers. For each model (each
panel), the predictions at different metallicities are over-
all consistent with a simple power law in the form of t−1.
There are, however, interesting cases showing steeper
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Figure 4. Delay-time distribution (DTD) functions of NS-NS mergers predicted by the population synthesis models described
in Section 3.4, for a stellar population normalized to 1 M. Each panel represents a different set of assumptions regarding the
evolution of binary systems. The thin blue lines show the predictions for 32 different initial metallicities. The thick blue line
shows the prediction with the steepest slope (to be used as an argument in Section 5.3). As a reference, the dashed black line
shows a power-law DTD in the form of t−1.
power-law indexes (thick blue line) that are explored
in Section 5.3. These results are consistent with other
population synthesis studies (Chruslinska et al. 2018;
Kruckow et al. 2018; Vigna-Go´mez et al. 2018; Gia-
cobbo & Mapelli 2018).
An important physical ingredient driving the slope of
the DTD function of NS-NS mergers is the distribution
of orbital separations (a) of massive stars in binary sys-
tems (e.g., Tauris et al. 2017). According to Belczynski
et al. (2018a), an orbital separation distribution in the
form of a−1 tends to generate NS-NS merger DTD func-
tions in the form of t−1, while a distribution in the form
of a−3 tends to generate steeper NS-NS merger DTD
functions in the form of t−1.5 (see also Figure 2 in Bel-
czynski et al. 2018b).
Figure 5 shows the predictions for BH-NS mergers for
the three models that generated the highest number of
BH-NS mergers. Relative to NS-NS mergers, BH-NS
mergers can appear earlier during the lifetime of a stellar
population. But, as described in Section 3.2, this fact
alone is unlikely to help generating a decreasing trend for
[Eu/Fe] in chemical evolution simulations. The shape of
their DTD functions is less in agreement with a power
law in the form of t−1, as there is typically a bump in
between 0.1 and 1 Gyr. Compared to a t−1 power law,
this implies a flatter power law before 1 Gyr followed by
a steeper power law after 1 Gyr, at least for the M20 and
M26 models.
4. R-PROCESS NUCLEOSYNTHESIS
CALCULATIONS
Here we discuss the connections of the GCE results
above to theoretical r-process calculations. We give
a more detailed review of the nucleosynthesis of r-
process elements in different types of environments in
Appendix C. R-process nucleosynthesis calculations are
usually based on hydrodynamic simulations of scenarios
that can provide very neutron-rich conditions. Among
those, the most promising are currently compact bi-
nary mergers and magneto-rotational (MR) supernovae,
a rare class of CC SNe. Other possible scenarios include
magnetized winds from proto-neutron stars (Thompson
2003; Metzger et al. 2007, 2008; Vlasov et al. 2014;
Thompson & ud-Doula 2018), pressure-driven outflows
(Fryer et al. 2006), accretion disk winds from collapsars
(Siegel et al. 2018), and the jets generated by a neutron
star that accretes matter from its giant companion star
(Papish et al. 2015; Soker & Gilkis 2017; Grichener &
Soker 2018).
The evolution of the mass ejected depends on the evo-
lution of density and temperature as a function of time,
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Figure 5. Same as in Figure 4, but for BH-NS mergers. Predictions showing vertical drops and discontinuities did not have
sufficient BH-NS mergers to generate a statistically meaningful DTD function. Only the M10, M20, and M26 models are shown,
as the others did not predict enough BH-NS mergers to generate conclusive DTD functions.
and on the initial electron fraction (Ye). The latter
serves as a measurement of the neutron fraction in the
environment as it is defined as the proton-to-baryon ra-
tion, Ye = Yp/(Yp + Yn). If the Ye is low (Ye . 0.25),
the neutron fraction (Yn) will be high, and more neu-
trons will be available to be captured by seed nuclei, i.e.
the neutron-to-seed ration (Yn/Yseed) is high. Typically,
the Ye value is taken when the temperature drops be-
low ∼ 10 GK. The evolution of density and temperature
is often categorized by the entropy and the expansion
timescale of the ejecta, which are used as nucleosynthe-
sis parameters.
4.1. Robustness of the Main r-Process
An individual simulation of an environment can pro-
vide very different conditions for the ejecta. When
several simulations are considered, the variations are
even larger. For example, with NS-NS mergers, one
can study different possibilities by varying the masses
of both neutron stars, the equation of state, and other
input physics. We say that the r-process nucleosyn-
thesis is robust when the relative abundance pattern is
insensitive to such variations and is always similar be-
tween the second and third r-process peak. If the initial
neutron-to-seed ratio is high enough (Yn/Yseed > 150),
the r-process path runs into isotopes that are prone to
fission, producing two (or more) fission fragments that
can in turn continue to capture neutrons. This so-called
“fission cycling” guarantees that the final yields produce
a robust and reproducible abundance pattern, indepen-
dently of the exact hydrodynamical conditions (Beun
et al. 2006; Goriely et al. 2011; Roberts et al. 2011;
Korobkin et al. 2012; Rosswog et al. 2013; Eichler et al.
2015; Mendoza-Temis et al. 2015).
4.2. Neutron Star Mergers vs Supernovae
Since the uncertainties in nuclear properties and reac-
tion rates involved in the r-process are still very large,
model compositions for ejecta of different r-process sites
should be considered qualitative predictions rather than
precise results. Nevertheless, some key differences can
be expected in the final abundance patterns of NS-NS
mergers and MR SNe, if the conditions in the ejecta are
reasonably different.
Hydrodynamic simulations suggest that the dynami-
cal ejecta of NS-NS mergers are generally more neutron-
rich than those of MR SNe, even if the entropy range
is similar. This directly translates to higher initial
neutron-to-seed ratios and, as a consequence, to a larger
fraction of the ejecta where the third peak and the ac-
tinides region can be reached. While a large fraction of
NS-NS mergers ejecta co-produce the second and third
r-process peaks, MR SN ejecta contain regions where
the neutron-to-seed ratio is not large enough to produce
third-peak elements, leading to the build-up of a dis-
tinct second r-process peak. As a result, the abundance
ratio between the third and second peak for the total
ejecta should be larger in dynamical ejecta of NS-NS
mergers than in MR SNe. Varying contributions from
disk and neutrino-driven wind ejecta in NS-NS mergers
could unfortunately wash out this distinction.
Another observable could be the shape of the second
peak itself. As described above, in MR SN ejecta, the
predominant contribution in the build-up of the sec-
ond peak comes from regions with moderate Ye where
the r-process flow is stopped at the shell closure at
N = 82. In that case, the final shape of the second
peak is mostly determined by β-decays and β-delayed
neutron emissions. On the other hand, the neutron-rich
NS-NS merger ejecta can produce a considerable amount
of actinides which fission (and α-decay) on timescales
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Figure 6. Predicted abundances of the second r-process
peak for a neutron star (NS-NS) merger calculation (blue)
and a magneto-rotational supernova (MR SN) scenario (red),
assuming either a continuous fission fragment production
(“regular fission”) or a setup where fission fragment pro-
duction is disabled after the r-process freeze-out (“no late
fission”). The shaded regions represent the fission contribu-
tion to the final abundances of the second peak.
that are similar to or longer than the r-process dura-
tion. Most nuclear mass models predict the majority
of fissioning nuclei in the mass range 240 < A < 280,
which leads to fission fragments at or around the second
peak. The production of fission fragments after the end
of the r-process implies that the second peak in this case
is shaped by the fission fragment distribution and their
subsequent β-decays on top of the abundances already
present at the time of r-process freeze-out6.
To illustrate this, we have performed r-process calcula-
tions based on the NS-NS merger simulation of Rosswog
et al. (2013) involving two neutron stars of 1.4 M each,
and based on the MR SN model of Winteler et al. (2012)
(see Figure 6). Both sets of calculations were performed
with fully enabled fission reactions (blue and red solid
lines), as well as with a modified setup disabling fission
from the moment when Yn/Yseed ≤ 1 onwards. The
dashed lines in Figure 6 represent the β-decayed second
peak material already present at the r-process freeze-out
without any later fission contribution. The differences
in the two approaches therefore arise solely from fission
fragments after the r-process freeze-out.
We should point out, however, that the distributions
of fission fragments hold at least the same uncertainties
6 Freeze-out is defined as the moment when the neutrons are
almost exhausted and thus Yn/Yseed ≤ 1. This coincides with
time when β-decays become faster than neutron captures and can
identified with the corresponding time scales: τβ < τ(n,γ)
as the nuclear reaction rates in the r-process. Our cal-
culations shown in Figure 6 have been performed using
the ABLA07 fission fragment distribution model (Kelic
et al. 2009). Other fission models predict different distri-
butions (Eichler et al. 2015; Goriely 2015). Nevertheless,
the different mechanisms forming the second r-process
peak should result in different peak shapes, as long as
fission produces fragments in the second peak. Follow-
ing this argumentation, metal-poor stars with larger ac-
tinide abundances should also exhibit second peak abun-
dances reflecting the fission fragment production more
closely than stars with a lower actinide content.
5. R-PROCESS SITES AND THEIR CHALLENGES
This section highlights the agreements and inconsis-
tencies that emerge when assuming that current models
of NS-NS mergers or MR SNe are the only source of
r-process elements in galaxies. The results of this in-
vestigation are summarized in Table 1. In particular,
we find that NS-NS mergers alone cannot be consistent
with all the observational constraints listed in Section 2.
In Section 5.5, we discuss the possibility of multiple sites
for the heavy r-process element production.
5.1. Neutron Star Mergers with no Delay-Time
Distribution
As described in Section 3, delaying the occurrence of
NS-NS mergers by a constant coalescence timescale fol-
lowing the lifetime of massive stars (i.e., not taking into
account a DTD function) allows GCE simulations to re-
produce the decreasing trend of [Eu/Fe] in the Galactic
disk. If NS-NS mergers are the dominant r-process site,
it guarantees a robust r-process pattern for elements be-
tween the second and third r-process peaks (see Sec-
tions 2.1.1 and Appendix C.1). In addition, they eject a
sufficiently large amount of material per merger event to
explain the large scatter of [Eu/Fe] ratios in the metal-
poor stars in the Galactic halo (see Section 2.1.3).
However, because this scenario does not use a DTD
function for the coalescence times of NS-NS merg-
ers, but rather adopts a maximum coalescence time
of . 100 Myr, it is incompatible with several observa-
tions. In particular, it cannot explain the detection of
short GRBs in early-type galaxies (see Section 2.3.1)
and the long-lasting DTD functions predicted by popu-
lation synthesis models (see Section 3.4) and expected
theoretically from the wide variety of orbital parame-
ters in binary systems (Rosswog 2015). Furthermore, a
constant coalescence time of . 100 Myr is incompatible
with the seven known NS-NS binaries with estimated
coalescence times ranging from 46 to 2730 Myr (see Tau-
ris et al. 2017 and Section 2.3.2). Finally, this scenario
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does not allow the gravitational wave event GW170817
to be detected in an early-type galaxy.
5.2. Neutron Star Mergers with a Delay-Time
Distribution in the Form of t−1
A DTD function in the form of t−1 for NS-NS merg-
ers is consistent with the detection of short GRBs (see
Section 2.3.2) and the predictions of population synthe-
sis models (see Section 3.4). It is also consistent with
the fact that SNe Ia and short GRBs are both detected
in similar proportions in early-type galaxies (see Sec-
tion 2.3), given that most studies agree that SNe Ia do
follow a DTD function in the form of t−1 as well (but
see Heringer et al. 2017). Many GCE simulations have
explored the role of NS-NS mergers on the chemical evo-
lution of Eu in the Milky Way using this canonical DTD
function. However, as described in Section 3, this sce-
nario does not allow to reproduce the decreasing trend
of [Eu/Fe] in the Galactic disk between [Fe/H] = −1
and 0, assuming that NS-NS mergers are the only source
of heavy r-process elements.
A potential solution to this discrepancy is to claim
that short GRB observations suffer from a lack of statis-
tics, and that more detections should increase the frac-
tion of short GRBs in late-type star-forming galaxies.
This would imply a steeper DTD function for NS-NS
mergers (see Section 5.3). Another solution is to as-
sume a flatter DTD function for SNe Ia. But this goes
in the opposite direction of recent observations suggest-
ing that, if the DTD function of SNe Ia is different than
t−1, it should be steeper (Heringer et al. 2017).
5.3. Neutron Star Mergers with Our Exploratory
Delay-Time Distributions
As discussed in the last section, using a DTD func-
tion in the form of t−1 for NS-NS mergers in chemical
evolution simulations does not allow to reproduce the
decreasing trend of [Eu/Fe] in the Galactic disk. In this
section, we test alternative and exploratory DTD func-
tions, which are shown in the top panel of Figure 7 (see
also Simonetti et al. 2019). The idea is to recover the
decreasing trend of [Eu/Fe] by concentrating the bulk
of NS-NS mergers at early times, before the onset of
SNe Ia, while still allowing NS-NS mergers to have a
wide range of coalescence timescales (up to ∼ 10 Gyr).
The predictions shown in Figure 7 have been computed
with the simple stellar population code SYGMA (Ritter
et al. 2018a) and the galactic chemical evolution code
OMEGA (Coˆte´ et al. 2017b). Both codes are part of the
open-source NuPyCEE package7.
7 https://github.com/NuGrid/NuPyCEE
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Figure 7. Impact of using different delay-time distribu-
tion (DTD) functions for NS-NS mergers on the predicted
chemical evolution of Eu. Top panel: Four different DTD
functions (black and orange lines) in a simple stellar pop-
ulation of 1 M. Once integrated, all four DTD functions
produce the same number of NS-NS mergers. The grey solid
line represents the DTD function used for SNe Ia. Middle
panel: Cumulated fraction of NS-NS mergers and SNe Ia as
a function of time in a stellar population. The dotted hori-
zontal line marks the moment where 50 % of the events have
occurred. Bottom panel: Predicted chemical evolution of
[Eu/Fe] as a function of [Fe/H] using the different DTD func-
tions presented in the top panel. For DTD functions with
bursts, fb is enhancement factor of the burst relative to the
value given by the background power-law distribution. Cyan
dots are stellar abundances data for disk stars taken from
Battistini & Bensby (2016). The dotted black lines mark
the solar values (Asplund et al. 2009).
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Figure 8. Difference between the [Eu/Fe] trends observed
in the Galactic disk and predicted using different delay-time
distribution (DTD) functions for NS-NS mergers, as pre-
sented in Figure 7. For the comparison, we split the [Fe/H]
axis into bins with constant intervals of 0.105. The dots
represent the central value of those bins. For each bin,
we calculated the median value of all data present in that
bin, and subtracted the predictions made by our code (see
Section 5.3). We interpolated our predictions between the
timesteps in order to recover the values at the central [Fe/H]
bin points.
As shown in the bottom panel of Figure 7, it is pos-
sible to recover a decreasing trend for [Eu/Fe] using a
steep power law in the form of t−1.5 (black solid line,
see also Coˆte´ et al. 2017a and Hotokezaka et al. 2018).
This could be in agreement with the t−1.5 DTD func-
tion derived by D’Avanzo (2015) for short GRBs, al-
though the recent analysis of Fong et al. (2017) rather
points toward a function in the form of t−1. We note
that some of our population synthesis models do predict
DTD functions steeper than t−1 (see thick blue line in
Figure 4), although the majority are consistent with a
t−1 distribution. We note that the presence of a third
object interacting with a NS-NS binary could potentially
help to concentrate NS-NS mergers at shorter coales-
cence timescales (Bonetti et al. 2018).
Alternatively, if one assumes a strong burst of mergers
before the onset of SNe Ia, followed by a power law in
the form of t−1, the decreasing trend of [Eu/Fe] can also
be recovered (see orange lines in Figure 7). This type of
DTD function for NS-NS mergers has been seen in the
population synthesis predictions of Dominik et al. 2012,
as shown in the lower-left panel of their Figure 8. When
using the DTD functions predicted by Dominik et al.
2012, the decreasing trend of [Eu/Fe] has been recovered
with the GCE code OMEGA (Coˆte´ et al. 2017b), as shown
with the black solid line in Figure 5 of Mishenina et al.
(2017).
Figure 8 shows the difference between the observed
chemical evolution trend of [Eu/Fe] and the trends pre-
dicted using the different DTD functions explored in
Figure 7. The steep power law (t−1.5) and the DTD
with the strongest burst (fb = 100) provide the best fit
and generate trends that are consistent within 25 % with
the median trend observed at [Fe/H]> −0.75. Overall,
the more the bulk of Eu is released at early time, the
better will be the fit (see middle panel of Figure 7).
With the DTD functions explored in this section, more
than half of all NS-NS mergers produced by a stellar
population will have occurred by ∼ 100 Myr (see middle
panel of Figure 7). This is because in order to generate
a decreasing trend with chemical evolution models, the
bulk of Eu must be released before the onset of the Fe
production by SNe Ia. However, this significant differ-
ence between NS-NS mergers and SNe Ia is currently
inconsistent with their similar fraction of occurrence in
early-type galaxies (see Section 2.3.1). Furthermore, as-
suming the DTD functions explored in this section are
representative of the real ones, detecting the first gravi-
tational wave signal of a NS-NS merger in an early-type
galaxy becomes even more improbable, although not im-
possible (see Section 2.4.1).
5.4. Rare Classes of Core-Collapse Supernovae
Rare classes of CC SNe, such as MR SNe, would natu-
rally explain how Eu can be present in the atmosphere of
the most metal-poor stars (Argast et al. 2004; Matteucci
et al. 2014; Cescutti et al. 2015; Wehmeyer et al. 2015;
Thielemann et al. 2017; Haynes & Kobayashi 2019). In
addition, because the lifetime of massive stars is short
relative to the production timescale of Fe in SNe Ia, us-
ing CC SNe in GCE simulations allows to reproduce the
decreasing trend of [Eu/Fe] in the Milky Way between
[Fe/H] = −1 and 0 (see Section 3).
But hydrodynamic simulations cannot guarantee that
MR SNe will systematically produce the conditions for
a robust r-process pattern between the second and third
peak (see Appendix C.2). While some parts of the ejecta
in SNe simulations can synthesize the second and third
r-process peaks, there are several other parts (other tra-
jectories) that will mostly produce the first and second
peaks only. When summed together, it is therefore not
guaranteed that the ratio between the second and the
third r-process peaks will always be similar from one
SN to another. If we assume that rare CC SNe are the
only source of r-process elements, there is then a poten-
tial tension with the robust main r-process abundance
pattern observed in r-process enhanced metal-poor stars
(see Section 2.1.1). But on the other hand, those SNe
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could explain the diversity of abundances for the first-
peak elements (see Section 2.1 and Roederer et al. 2010).
This scenario could also be in tension with the high
NS-NS merger rate established by LIGO/Virgo (see Sec-
tion 2.4). Once the rate and ejecta of NS-NS mergers
will be better constrained, we will be in a better situa-
tion to quantify how much room there is for additional
r-process sites besides NS-NS mergers.
5.5. Multiple r-Process Sites Scenario
To summarize the previous sections, neither NS-NS
mergers or MR SNe can reproduce on their own all the
observational constraints simultaneously. One solution
to this tension is to assume that some of the observa-
tional evidence are biased in some way, and that future
observations will modify our interpretation of these con-
straints. But if the current observations are representa-
tive, then there are challenges to be solved. Assuming
that future gravitational wave and kilonova detections
will prove that NS-NS merger do play an important role
in the r-process inventory of the Milky Way, something
must be added in chemical evolution simulations in or-
der to recover the decreasing trend of [Eu/Fe] in the
Galactic disk.
A description of how to reproduce such a decreasing
trend was presented in Section 3.1. According to this
analysis, the production rate of Eu needs to reach an
equilibrium before the onset of SNe Ia. But the produc-
tion rate of Eu from NS-NS mergers do not reach such an
equilibrium, given the long-lasting nature of their DTD
function (see black dashed line in top panel of Figure 2).
The black solid line in the top panel of that same fig-
ure represents the production rate that is required to
generate a decreasing trend, as shown in the bottom
panel. But this rate does not have to come from only
one site. Indeed, by subtracting the production rate of
NS-NS mergers (black dashed line) from the required
rate (black solid line), one ends up with a residual pro-
duction rate, highlighted as a pink dashed line in Fig-
ure 2. This residual line represents the production rate
that needs to be added to the production rate of NS-NS
mergers to recover the decreasing trend of [Eu/Fe].
Assuming that NS-NS mergers do contribute to the
chemical evolution of Eu in the Milky Way, this suggests
that there should be an additional production site of Eu
active in the early universe, at low metallicity (see also
Sku´lado´ttir et al. in preparation). To be consistent with
chemical evolution studies, this hypothetical extra site
should fade away at later times, at higher metallicity.
According to Figure 2, NS-NS mergers should become
the dominant r-process site roughly when SNe Ia start
to bend the [Eu/Fe] trend, which roughly corresponds
to [Fe/H]∼−1 (e.g., Battistini & Bensby 2016; Buder
et al. 2018).
By integrating the residual and NS-NS merger lines
(dashed lines in Figure 2), about 10 % of the current Eu
production budget could come from this extra site. With
this simple approach, we estimate that this site could
have produced 60 % and 40 % of the Eu during the first
100 Myr and 1 Gyr of Galactic evolution, respectively.
These estimates are based on the assumptions that NS-
NS mergers have a DTD function in the form of t−1,
and that the overall production rate needed to fit the
evolution of [Eu/Fe] is similar to the rate of SNe from
massive stars. Furthermore, our estimates depend on
the minimum delay time of SNe Ia and are based on the
predictions made by a simple toy model that assumes a
constant star formation history. To summarize, our es-
timates are first order approximations and should serve
as a motivation for further studies, rather than be taken
for solid predictions.
MR SNe could provide this extra site of Eu produc-
tion. They require a strong magnetic field to synthesize
heavy r-process elements (see also, e.g., Thompson & ud-
Doula 2018), and that magnetic field can be amplified
by stellar rotation (see Appendix C.2). Because stars
are expected to rotate faster at low metallicity (e.g.,
Maeder et al. 1999; Maeder & Meynet 2001; Martayan
et al. 2007), it is possible that MR SNe would pref-
erentially produce the heavy r-process elements in the
early universe, while they would mostly produce lighter
r-process elements (lighter than Eu) at higher metallic-
ity. In addition, because the nucleosynthesis in MR SNe
is not expected to always reach the second and third
r-process peak, they could explain the patterns of lim-
ited r-process metal-poor stars (see Section 2.1.2 and
Hansen et al. 2014; Spite et al. 2018), a pattern that is
unlikely to occur when summing all ejecta components
of a NS-NS merger.
BH-NS mergers could also be this extra site, as long
as their contribution peaks at low metallicity. However,
as shown in Figure 5, the DTD function of BH-NS merg-
ers might not be steep enough to generate a significant
boost of Eu before the onset of SNe Ia. More investiga-
tion is needed to validate this scenario. BH-NS mergers
will hopefully be discovered in the next observing run
of LIGO/Virgo. We stress that any other site that, for
some reason, has a peak of Eu production in the early
universe is a viable candidate.
We note that previous chemical evolution studies
also suggested that SNe alongside with NS-NS merg-
ers should contribute to the chemical evolution of Eu
(Argast et al. 2004; Matteucci et al. 2014; Cescutti et al.
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Table 1. List of agreements and inconsistencies when assuming that current models of NS-NS mergers and MR SNe are the only
r-process site for elements in between the second and third peaks. Three assumptions are made for the delay-time distribution
(DTD) function of NS-NS mergers: 1 – follow the lifetime of massive stars with short constant delay times (without a DTD
function), 2 – DTD function in the form of t−1, 3 – modified DTD functions, either a steeper t−1.5 power law or a t−1 power law
combined with a prompt burst of mergers before the onset of SNe Ia. For each observational constraint, a Yes or a No highlights
whether or not the selected r-process site is consistent with the constraint. A Maybe means that the situation is unclear. We
refer to Section 5.5 for a discussion on the possible contribution of multiple sites on the total budget of r-process elements in the
Milky Way. This table reflects our current state of understanding. Further observations and/or improved models could change the
interpretation shown in this table.
Observational Constraints
NS-NS Mergers MR SNe
No DTD t−1 DTD Modified DTD
(Section 5.1) (Section 5.2) (Section 5.3) (Section 5.4)
Production of a robust main r-process pattern (Section 2.1.1) Yes Yes Yes Maybe
Possibility of producing actinides elements (Section 2.1.1) Yes Yes Yes Yes
Large scatter of [Eu/Fe] in metal-poor stars (Section 2.1.3) Yes Yes Yes Maybe
Stars with [Eu/Fe] > 0.3 at [Fe/H] . −2 (Figure 1) Maybe Maybe Maybe Yes
Decreasing trend of [Eu/Fe] at [Fe/H] > −1 (Section 2.2) Yes No Yes Yes
Fraction of short GRBs in early-type galaxies (Section 2.3) No Yes No –
LIGO/Virgo local NS-NS merger rate density (Section 2.4.2) Yes Yes Yes Maybe
Probability of detecting GW170817 in S0 galaxy (Section 2.4.1) Zero Low Very low –
2015; Wehmeyer et al. 2015; Haynes & Kobayashi 2019).
Although complementary to our work, this was moti-
vated by the difficulty to inject r-process elements early
enough to explain the Eu abundances in metal-poor
stars (see also Safarzadeh et al. 2018). Here we suggest
the possible contribution of an extra site to solve the
problem of reproducing the decreasing trend of [Eu/Fe]
in the Galactic disk, a cleaner feature that is the result
of ∼ 12 Gyr of chemical evolution in a less stochastic en-
vironment. In addition, our scenario strictly requires
that the contribution of this extra r-process site fades
away as a function of time and metallicity (pink line in
Figure 1). This scenario has also been worked out in
parallel by Siegel et al. (2018), who suggested that a
metallicity-dependent second r-process site (the collap-
sars), combined with NS-NS mergers, can help to recover
the decreasing trend of [Eu/Fe].
As described in Section 3.4, tighter orbital separations
in binary systems can lead to steeper DTD functions for
NS-NS mergers. If one assumes that the orbital sepa-
ration distribution of massive stars was steeper at low
metallicity, one could theoretically predict a burst of NS-
NS mergers in the early universe, while still recovering a
DTD function in the form of t−1 at current time (at low
redshift). This idea is explored in Simonetti et al. (2019)
and could provide a potential solution for the inconsis-
tencies highlighted in Table 1, even with NS-NS mergers
only. Furthermore, Scho¨nrich & Weinberg (2019) sug-
gested that the decreasing trend problem for [Eu/Fe]
could potentially be solved by accounting for a multi-
phase interstellar medium where NS-NS would prefer-
entially deposit their ejecta in a cold gas component,
instead of a hot gas component in which core-collapse
supernovae deposit their ejecta. This represents a moti-
vation for future studies to better understand the mixing
process of r-process elements in the early universe.
6. FUTURE STUDIES
In this section, we discuss the current state of the hy-
drodynamic simulations used to calculate r-process nu-
cleosynthesis in compact binary mergers and CC SNe,
and provide guidance for future work to address the ten-
sions highlighted in this paper.
6.1. Simulations of Compact Binary Mergers
Most hydrodynamic simulations of compact binary
mergers agree on the amount of dynamical mass ejected
and on the impact of the mass asymmetry between the
two merging objects (see, e.g., Table 1 in Horowitz et al.
2018). However, there are disagreements regarding the
properties of the ejecta.
Neutrino interactions can change the electron fraction
of the ejecta, and therefore the r-process nucleosynthesis
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(e.g., Wanajo et al. 2014). Detailed neutrino Boltzmann
transport is currently not possible for compact binary
merger simulations, and approximations must be made
(e.g., Fujibayashi et al. 2017; Kyutoku et al. 2018). Fur-
thermore, the neutrino luminosities and energies depend
on the uncertain equation of state (e.g., Sekiguchi et al.
2015; Bovard et al. 2017). Improvements in all those as-
pects is necessary in order to reliably constrain the range
of electron fractions in all ejecta components of compact
binary mergers. In addition, magneto-hydrodynamical
effects can influence the behaviour of the dynamical and
disk ejecta, but only a few codes currently include them
(Palenzuela et al. 2015; Ciolfi et al. 2017; Siegel & Met-
zger 2018).
A further challenge is the need for high spatial reso-
lution simulations, as all relevant features of the merger
need to be resolved (e.g., Kelvin-Helmholtz instabilities
at the contact interface). Simulations also need a high
temporal resolution, as the ejecta leave the computa-
tional domain after a few milliseconds only. In the rare
cases where the ejecta were followed for a longer time,
the ejecta distribution at the end of the initial simu-
lation was mapped to a different code (Rosswog et al.
2014; Roberts et al. 2017; Martin et al. 2018), in order
to study the impact of different heating sources on the
dynamical ejecta.
Consistent long-term simulations, going up to about
one second or longer, with an accretion disk and the
emergence of a hypermassive neutron star that eventu-
ally collapses into a black hole would considerably im-
prove the predictive power of compact binary merger
simulations. Further investigations of the impact of nu-
clear heating on the dynamical ejecta (Rosswog et al.
2014) as well as further increasing the parameter space
of NS-NS and NS-BH merger simulations (masses, spins,
etc.) are also promising paths to follow in the future.
6.2. Simulations of Core Collapse Supernovae
The initial conditions of MR SN simulations come
from previously calculated stellar evolution models
and these include several uncertainties and simplifi-
cations. Due to resulting uncertain magnetic field
strengths, the magnetic field is artificial enhanced or
decreased in MR SN simulations. In addition, there
are small scale turbulences and instabilities such as
the magneto-rotational instability (e.g., Obergaulinger
et al. 2009) that can amplify the magnetic field. But
to resolve such small scale effects, high-resolution and
thus computationally-expensive simulations are needed
(Mo¨sta et al. 2017; Nishimura et al. 2017). Studies
that follow explosions for one or two seconds with 3D
simulations including detailed neutrino transports and
general relativity will help to understand the dynamic
of MR SNe in greater details.
6.3. Impact of Natal Kicks
Something we have not included in our study is the
natal kicks imparted onto neutron stars after the explo-
sion of their progenitor stars (see Tauris et al. 2017 for
a review). Depending on the coalescence timescales of
NS-NS mergers and on the velocity of those kicks, it
is possible for NS-NS binaries to merge outside galax-
ies (e.g., Bloom et al. 1999; Fryer et al. 1999; Belczynski
et al. 2006; Zemp et al. 2009; Kelley et al. 2010; Behroozi
et al. 2014; Safarzadeh & Coˆte´ 2017). The simulations of
Safarzadeh & Scannapieco (2017) showed that the spa-
tial location of NS-NS mergers can play an important
role on the amount of r-process material recycled into
stars.
If the NS-NS mergers that occur outside galaxies are
the ones that have the longest coalescence times, NS-NS
mergers with short coalescence times would then be the
ones that actively participate to the enrichment of Eu
inside galaxies. From the point of view of galactic chem-
ical evolution modeling, this would be similar to using a
DTD function truncated at some given timescale. If that
timescale is similar to or below the delay time needed
for SNe Ia to appear in the lifetime of stellar popula-
tions, this would be sufficient to reproduce the decreas-
ing trend of [Eu/Fe] in the Galactic disk. In that case,
however, the total number of NS-NS mergers would need
to be increased in order to account for the ones that in-
ject Eu outside the star-forming regions. This scenario
is to be confirmed or disproved by future studies.
6.4. Actinides
Actinide abundances in metal-poor stars could hold
the key to disentangle the hydrodynamical environ-
ment(s) of the r-process. The existence of stars with
super- and sub-solar actinide yields (Schatz et al. 2002;
Roederer et al. 2009a; Holmbeck et al. 2018; Ji & Frebel
2018) possibly indicate varying r-process conditions.
The fact that all currently known actinide-boost stars
are very metal-poor ([Fe/H] . −2.0) is another inter-
esting finding. The fraction of actinide-boost stars and
the Th/Eu ratios in metal-poor stars could potentially
be used as an additional diagnostic tool to probe the
contribution of different r-process sites. Astrophysical
models of dynamical and disk ejecta in neutron star
mergers predict suitable environments for actinide pro-
duction, and also several MR SN models can provide
the required conditions. Progress is needed before being
able to quantify the typical mass of actinides ejected by
NS-NS mergers and MR SNe (see sections 6.1 and 6.2).
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There might also be a possibility to infer actinide
yields from direct kilonova observations. Barnes et al.
(2016) and Rosswog et al. (2017a) showed that actinides
undergoing α-decay could represent an important con-
tribution to the total nuclear heating powering the kilo-
nova from a few days after the merger onwards. Further-
more, Zhu et al. (2018) showed that, given its half-life of
∼ 60 days, the fission of 254Cf could be detectable several
days after a NS-NS merger event, and could potentially
be seen in the middle infrared band of future kilonova
lightcurves.
6.5. Possible Production of Europium by the i-Process
The r-process solar residual pattern does not take
into account the potential contribution of the i-process
(Cowan & Rose 1977). The i-process can be activated at
all metallicities in massive stars (even down to metal-free
stars, e.g., Banerjee et al. 2018; Clarkson et al. 2018), in
rapidly accreting white dwarfs (Denissenkov et al. 2017),
and in AGB and post-AGB stars of different types (e.g.,
Herwig et al. 2011; Jones et al. 2016). Observations of
possible i-process abundance signatures have been de-
tected in metal-poor stars (e.g., Dardelet et al. 2014;
Lugaro et al. 2015; Abate et al. 2016; Hampel et al.
2016; Roederer et al. 2016b,a) and in young open stellar
clusters (Mishenina et al. 2015), for different elements
including Eu all the way up to Pb.
In the simulations of Bertolli et al. (2013) and Dard-
elet et al. (2014), considering an i-process activation be-
tween ∼ 1 hour and ∼ 1 day, the 151Eu/153Eu isotopic
ratio varies between 0.7 and 1.5, which is close to the
solar value of 0.92. In spite of this interesting result,
it does not necessarily mean that the i-process signifi-
cantly contributed to the total amount of Eu found in
the Milky Way. Because of the complex hydrodynamic
simulations required to constrain the stellar conditions
where the i-process takes place (e.g., Herwig et al. 2014;
Woodward et al. 2015), and because of the large un-
certainties in nuclear physics (Coˆte´ et al. 2018a; Denis-
senkov et al. 2018), it is currently difficult to quantify
the i-process contribution to the solar composition. In
addition, large uncertainties in r-process nucleosynthesis
calculations (e.g., Mumpower et al. 2016; Thielemann
et al. 2017; Horowitz et al. 2018) do not allow at the
moment to derive strong constraints on the i-process
component.
The conclusions presented in this paper are drawn
under the assumption that the i-process does not con-
tribute to the current inventory of Eu in our Galaxy.
More investigations are needed to validate or invalidate
this assumption.
7. CONCLUSIONS
In this work, we compiled and analyzed a series of
observational evidence that probe the properties of r-
process sites, and addressed them using nucleosynthesis
calculations, population synthesis models, and galactic
chemical evolution simulations. At the moment, we can-
not build a consistent picture when assuming that there
is only one r-process site for elements between the sec-
ond and third r-process peak. The list of agreements
and inconsistencies are shown in Table 1.
It is not possible to reproduce the decreasing trend of
[Eu/Fe] in the Galactic disk with NS-NS mergers only
using a DTD function in the form of t−1 for the distri-
bution of their coalescence timescales (see Sections 3.2
and 5.2). This, however, is the form currently predicted
by population synthesis models (see Section 3.4) and in-
ferred from short GRB detections (see Section 2.3.2).
We can reproduce the decreasing trend by steepening
the slope of the DTD function (see also Coˆte´ et al. 2017a
and Hotokezaka et al. 2018), or by adding a burst of NS-
NS mergers before the onset of SNe Ia on top of a t−1
distribution (see Section 5.3). But this is not consis-
tent with the similar distribution of short GRBs and
SNe Ia in early-type galaxies (see Section 2.3.1). As-
suming a constant short delay time for NS-NS mergers is
inconsistent with several observations (see Section 5.1),
including the detection of GW170817 in an early-type
galaxy.
Because nucleosynthesis calculations show that NS-NS
mergers are able to produce a robust r-process pattern
(see Appendix C.1), and because the merger rate es-
tablished by LIGO/Virgo is significantly high (see Sec-
tion 2.4.3), NS-NS mergers are likely to play an impor-
tant role in the evolution of r-process elements. If that
is the case, and if we assume current observational con-
straints are all reliable, then one solution is to involve
a second r-process site in the early universe capable of
producing Eu (see Section 5.5). This extra site should
fade away at later times, at higher metallicity (see pink
dashed line in Figure 2), and would roughly account for
∼ 50 % of the Eu produced in the early universe, and
∼ 10 % of all Eu currently present in the Milky Way.
This is a plausible solution, but it does not mean it is
the correct solution.
MR SNe could be this extra site of Eu. To reach
the third r-process peak and produce Eu along the way,
these SNe need very strong magnetic fields (see Ap-
pendix C.2). Because massive stars are likely to rotate
faster at low metallicity, the magnetic field present dur-
ing a MR SN could also be higher at low metallicity,
which would explain why this second site fades away
at higher metallicity (see Section 5.5). This conclusion
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is based on the chemical evolution of the Galactic disk,
which encodes most of the evolution history of the Milky
Way. We note that any other production site of Eu that
respect this metallicity dependency is a possible candi-
date.
Although we presented a possible solution to the cur-
rent inter-disciplinary tensions, the information shown
in Table 1 should be taken as the starting point for
future work. Other possible solutions exist (e.g., Sec-
tions 6.3 and 6.5), and further observations might
change our interpretation of the observational evidence
listed in Section 2. In particular, more detections of NS-
NS mergers by LIGO/Virgo and improvements in the
interpretation of kilonova lightcurves will better define
how much room there is for other r-process sites.
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APPENDIX
A. MINIMUM DELAY TIME AND STAR FORMATION HISTORY
In Section 3.2, we mentioned that GCE predictions for [Eu/Fe] at [Fe/H]>−1 are insensitive to the minimum
delay time of NS-NS mergers, when adopting the constant delay-time approximation. In this section, we test this
statement when adopting a DTD function in the form of t−1, using tmin = 1, 10, and 100 Myr, where tmin refers to
the minimum delay time between the formation of the progenitor stars and the merger event. We note that according
to the population synthesis predictions presented in Figure 4, tmin is typically below 100 Myr. As shown in Figure 9,
using the GCE code OMEGA, the predicted trends at [Fe/H]>−1 are similar when using a constant delay time (blue
band, see also Matteucci et al. 2014; Cescutti et al. 2015; Coˆte´ et al. 2017a), but are significantly different when using
a DTD function (black band). Nevertheless, varying tmin can still not provide a good agreement with the measured
[Eu/Fe] trend when using a DTD function in the form of t−1. This parameter therefore do not affect the general
conclusions of this work, although it could affect the estimated contribution of the hypothetical extra r-process site
(see Section 5.5).
As a complement, we also explored the impact of the star formation history (see also Hotokezaka et al. 2018).
Figure 10 shows the predictions made by the OMEGA code when using a decreasing star formation history (solid lines)
and a constant star formation history (dashed lines). Overall, we find that the effect of the star formation history
is minor in comparison to the effect of using different delay time assumptions for NS-NS mergers. As in Figure 7 of
Hotokezaka et al. (2018), the maximum [Fe/H] reached by our predictions is shifted to lower [Fe/H] values when using
a constant star formation history (dashed lines), likely because of the larger amount of infalling gas compared to the
decreasing star formation history, which has a current star formation rate three times lower than in the constant case.
Overall, as for the minimum delay time for NS-NS mergers, the adopted star formation history should not affect the
general conclusions of this work.
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Figure 9. Impact of using different minimum delay times for NS-NS mergers on the predicted chemical evolution of Eu.
The blue and black bands show the prediction when assuming constant delay times or delay-time distribution (DTD) functions,
respectively. The dashed, solid, and dotted lines show the predictions using different minimum delay times between the formation
of the progenitor stars and the onset of NS-NS mergers. In the case of constant delay times, the minimum delay times are the
constant delay times. Cyan dots are stellar abundances data for disk stars taken from Battistini & Bensby (2016). The dotted
black lines mark the solar values (Asplund et al. 2009).
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Figure 10. Impact of using different star formation histories on the predicted chemical evolution of Eu with NS-NS mergers.
The blue lines show predictions when assuming that NS-NS mergers all occur after a constant delay time of 10 Myr following the
formation of progenitor stars, while the black lines shows predictions when assuming a delay-time distribution (DTD) function
in the form of t−1. The solid lines show results with a decreasing star formation history, from 11 M yr−1 at time zero down to
2 M yr−1 after 13 Gyr, while the dashed lines show results with a constant star formation history of 6 M yr−1. All simulations
generate a current stellar mass of 5×1010 M. Cyan dots are stellar abundances data for disk stars taken from Battistini &
Bensby (2016). The dotted black lines mark the solar values (Asplund et al. 2009).
B. POPULATION SYNTHESIS: BRIEF DESCRIPTION OF ADOPTED MODELS
Here we discuss the properties of the population synthesis models adopted for our study in more detail (see sec-
tion 3.4). We use the upgraded population synthesis code StarTrack (Belczynski et al. 2002, 2008). Improvements
relevant for massive stars include a better treatment of the common envelope evolution (Dominik et al. 2012) and
a remnant mass prescription (Fryer et al. 2012) that reproduces the first gap found in between the observed mass
distributions of neutron stars and black holes in the Milky Way (Belczynski et al. 2012). Effects of pair-instability
pulsation SNe and pair-instability SNe are taken into account, as they are believed to create the second mass gap in
the observed mass distribution of compact objects (Belczynski et al. 2016).
We account for the formation of neutron stars via electron-capture SNe (e.g., Miyaji et al. 1980; Podsiadlowski
et al. 2004; Chruslinska et al. 2018) and through accretion-induced collapse of white dwarfs (e.g., Nomoto & Kondo
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1991; Ruiter et al. 2018). The maximum mass of neutron stars is set to 2.5 M, which is consistent with the heaviest
known neutron stars of 2.3 M (Linares et al. 2018). The initial conditions of the binary systems are constrained by
observations (de Mink & Belczynski 2015). The differences between the models can also be seen in Figures 4 & 5 in
the main body of this article. Model M10 represents the standard input physics in StarTrack. In particular, the natal
kick velocities initially imparted on black holes are small, and in some cases non-existent. For neutron stars, the natal
kicks are defined by a Maxwellian distribution with σ = 265 km s−1. However, the exact values of the natal kicks can
be altered by the amount of material falling back onto the compact objects after the SN explosions (see Belczynski
et al. 2017a for details). The magnitude of natal kicks is an important quantity, as it can significantly modify the
coalescence timescales of NS-NS and BH-NS systems (e.g., Belczyn´ski & Bulik 1999).
The M13 model is similar to the M10 model, but the Maxwellian natal kick distribution with σ = 265 km s−1 is
adopted for both black holes and neutron stars. In addition, the amount of fallback does not regulate the kick velocities.
We note that neutron stars formed by electron-capture SNe and by the accretion-induced collapse of white dwarfs still
have natal kicks set to zero, as it is the case for all models presented in this section.
In model M20, the natal kick prescription for black holes and neutron stars is the same as in the M10 model, but the
input physics describing the evolution of binary systems during the common envelope phase is modified. This includes
for example 80 % non-conservative Roche Lobe overflow and 5 % Bondi-Hoyle rate accretion, as opposed to 50 % and
10 %, respectively, in the M10 model (see Belczynski et al. 2017a for details).
The M23, M25, and M26 models have the same modified input physics as in the M20 model, but adopt a Maxwellian
natal kick velocity distribution for both neutron stars and black holes, as in Model M13. The dispersion velocity σ for
models M23, M25, and M26 is 265, 130, and 70 km s−1, respectively.
C. R-PROCESS NUCLEOSYNTHESIS IN DIFFERENT ENVIRONMENTS
C.1. Neutron Star Mergers
In NS-NS mergers, there are various ways of ejecting matter and those lead to different conditions and nucleosynthesis.
The total amount of ejecta depend on the configuration of the binary system (e.g., neutron star masses, eccentricity
of the orbit). For the dynamical ejecta, between about 10−3 and 10−2 M of very neutron-rich (low Ye) material can
be ejected by means of tidal effects or shocks in the interaction zone between the two neutron stars. These numbers
are in agreement with estimates of the ejected mass for GW170817 (see Section 2.4.2), and are large enough to recover
the scatter seen in the [Eu/Fe] abundances of metal-poor stars (see Section 2.1.3).
The dynamical ejecta robustly produce the heavy r-process nuclei from the second peak up to the actinide region
with mass numbers A above 200. The extreme neutron-richness of the dynamical ejecta leads to fission cycling and
an r-process path close to the neutron drip line (further favoured by rapid expansion/cooling). As a consequence,
such environment only produces nuclei from the typical fission fragment mass numbers A ≈ 120 and larger. The do
not produce the lighter first-peak r-process nuclei. NS-NS mergers are thus consistent with the robust main r-process
patterns seen in metal-poor stars (Sneden et al. 2008, see also Section 2.1).
However, other hydrodynamical codes lead to broader ranges in electron fraction and entropy (Bauswein et al. 2013;
Sekiguchi et al. 2015; Foucart et al. 2016; Radice et al. 2016; Bovard et al. 2017). Simulations incorporating general
relativity effects exhibit a more energetic collision, since the neutron star radii are smaller. This leads to strong shocks
that increases the Ye and the entropy in the ejecta. But even these simulations produce robust abundances between
the second and third r-process peak, since the ejecta consist of two major components: those that stop at or before
the second peak, and those that produce the full mass range of r-process nuclei up to the actinides in a robust way.
Some recent works have found conditions with low Ye and large entropies (related to shocked ejecta with very fast
expansion velocities) which result in an unusual abundance pattern (reported, e.g., in Metzger et al. 2015; Barnes et al.
2016; Bovard et al. 2017). However, these conditions contribute to only a very small fraction of the total ejecta, and
therefore have no real effect on the integrated abundances.
In addition to the dynamical ejecta, there are other mass loss channels operating on longer timescales that are
related to the formation of a post-merger disk around the central remnant object (Beloborodov 2008; Dessart et al.
2009; Foucart 2012; Ferna´ndez & Metzger 2013; Perego et al. 2014; Ferna´ndez et al. 2015; Just et al. 2015; Martin et al.
2015; Siegel & Metzger 2017). Again, the formation of the disk and its mass depend on the binary system configuration.
If the central object does not promptly collapse to a black hole, it emits neutrinos that, together with the neutrinos
emitted from the disk, can generate a mass outflow similar to neutrino-driven winds in CC SNe (Perego et al. 2014;
Martin et al. 2015; Just et al. 2015). Simulations also show that disk material can become gravitationally unbound
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by means of viscous effects and nuclear recombination (Ferna´ndez & Metzger 2013; Just et al. 2015; Ferna´ndez et al.
2015). Due to the longer timescales of these ejecta, they are exposed to neutrinos for a longer time compared to the
dynamical ejecta. And because neutrinos transform neutrons into protons, these longer-timescale ejecta are typically
less neutron-rich.
While the viscous ejecta can still produce the heaviest r-process nuclei (Wu et al. 2016), the neutrino-driven ejecta
have been found to produce first-peak elements only (Perego et al. 2014; Martin et al. 2015). The viscous and the
neutrino-driven ejecta represent about 5-20 % (Ferna´ndez & Metzger 2013; Just et al. 2015; Ferna´ndez et al. 2015)
and 5 % (Martin et al. 2015) of the initial disk mass, respectively. These numbers depend on the fate of the central
remnant. For example, a quicker collapse into a black hole leads to a smaller ejected mass via these two mass loss
channels. Finally, magnetic fields can also contribute to the acceleration and ejection of mass (Siegel & Metzger 2017).
However, only preliminary results are available and it is still early to make conclusive statements about the importance
of magnetic fields.
C.2. Core-Collapse Supernovae
At the surface of a proto-neutron star, electron capture can deleptonize the material. If this material is ejected, it
can produce r-process elements. But in standard CC SNe, the matter is mainly ejected by neutrinos, which reduce the
number of neutrons by converting them into protons. In such conditions, current simulations indicate that standard
CC SNe could at most produce trans-iron elements like Sr, Y, Zr, Mo, and Ru (first-peak elements), and perhaps in
some cases elements up to Ag (e.g., Roberts et al. 2010; Arcones & Montes 2011; Eichler et al. 2018; Bliss et al. 2018 and
references therein). In order to produce heavier elements such as Eu, another ejection mechanism is necessary. Magnetic
fields and rotation have been identified as a possibility by Cameron (2003) and Nishimura et al. (2006). Simulations of
magneto-rotational (MR) SNe have become possible at least with simplifications in the neutrino transport. We refer
to the introduction of Section 4 for a list of other possible r-process sites.
Based on three-dimensional simulations with a simple leakage treatment for the neutrinos, Winteler et al. (2012)
found that the heavy r-process can be synthesized in MR SNe. The two-dimensional simulations of Nishimura et al.
(2015, 2017) with parametric neutrino treatment found that when the magnetic field is strong, and neutrino emission
is reduced, a jet-like explosion develops and neutron-rich material is ejected. Again with a strong magnetic field, Mo¨sta
et al. (2017) have shown, however, that in 3D simulations it becomes harder to reach the neutron-richness required for
a robust r-process. They also confirm the results of Nishimura et al. (2015), demonstrating that when the neutrino
emission is artificially increased, one can go from producing a robust r-process to producing a weak r-process up to
the second peak only.
This behavior could potentially explain the abundance patterns of metal-poor stars, such as HD 122563 (Honda et al.
2006), enhanced in Sr and other elements at the neutron shell closure N = 50 relative to Ba. Furthermore, because
MR SNe might synthesize a variety of r-process abundance patterns depending on the conditions, from a week to a
robust r-process including the second and third peaks, such SNe could explain the variety of metal-poor stars having
abundance patterns in between stars like HD 122563 and stars showing the full r-process pattern (see Roederer et al.
2010). Improved neutrino transport is mandatory before making any definite conclusions, since neutrinos can lead to
a broad variability in the conditions of the matter ejected (Obergaulinger & Aloy 2017; Reichert et al. in preparation).
Regarding the total amount of r-process material ejected, MR SNe may contribute very differently depending on
the strength of the magnetic field. In general, the ejected mass containing r-process elements will be larger than with
neutrino-driven winds in regular CC SNe, but will be smaller than with NS-NS mergers. This kind of explosions is
expected to occur in a few percent of all SNe at most, preferentially at low metallicities where the magnetic field could
be amplified by faster stellar rotation velocities. Because of this possible dependence on metallicity, MR SNe represent
an interesting candidate for our multiple r-process sites scenario presented in Section 5.5.
REFERENCES
Abate, C., Stancliffe, R. J., & Liu, Z.-W. 2016, A&A, 587,
A50
Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017a,
ArXiv e-prints, arXiv:1710.05836 [astro-ph.HE]
—. 2017b, ApJL, 848, L13
—. 2017c, Physical Review Letters, 119, 161101
—. 2017d, Astrophysical Journal Letters, 848, L12
Abohalima, A., & Frebel, A. 2017, ArXiv e-prints,
arXiv:1711.04410 [astro-ph.SR]
Aoki, W., Beers, T. C., Lee, Y. S., et al. 2013, AJ, 145, 13
24 Coˆte´ et al.
Arcavi, I., Hosseinzadeh, G., Howell, D. A., et al. 2017,
Nature, 551, 64
Arcones, A., & Montes, F. 2011, ApJ, 731, 5
Arcones, A., & Thielemann, F.-K. 2013, Journal of Physics
G Nuclear Physics, 40, 013201
Argast, D., Samland, M., Thielemann, F.-K., & Qian, Y.-Z.
2004, A&A, 416, 997
Arlandini, C., Ka¨ppeler, F., Wisshak, K., et al. 1999, ApJ,
525, 886
Arnould, M., Goriely, S., & Takahashi, K. 2007, PhR, 450,
97
Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009,
ARA&A, 47, 481
Banerjee, P., Qian, Y.-Z., & Heger, A. 2018, ApJ, 865, 120
Barklem, P. S., Christlieb, N., Beers, T. C., et al. 2005,
A&A, 439, 129
Barnes, J., & Kasen, D. 2013, ApJ, 775, 18
Barnes, J., Kasen, D., Wu, M.-R., & Mart’inez-Pinedo, G.
2016, ArXiv e-prints, arXiv:1605.07218 [astro-ph.HE]
Battistini, C., & Bensby, T. 2016, A&A, 586, A49
Bauswein, A., Goriely, S., & Janka, H.-T. 2013, ApJ, 773,
78
Beers, T. C., & Christlieb, N. 2005, ARA&A, 43, 531
Behroozi, P. S., Ramirez-Ruiz, E., & Fryer, C. L. 2014,
ApJ, 792, 123
Belczyn´ski, K., & Bulik, T. 1999, A&A, 346, 91
Belczynski, K., Kalogera, V., & Bulik, T. 2002, ApJ, 572,
407
Belczynski, K., Kalogera, V., Rasio, F. A., et al. 2008,
ApJS, 174, 223
Belczynski, K., Perna, R., Bulik, T., et al. 2006, ApJ, 648,
1110
Belczynski, K., Wiktorowicz, G., Fryer, C. L., Holz, D. E.,
& Kalogera, V. 2012, ApJ, 757, 91
Belczynski, K., Heger, A., Gladysz, W., et al. 2016, A&A,
594, A97
Belczynski, K., Klencki, J., Meynet, G., et al. 2017a, ArXiv
e-prints, arXiv:1706.07053 [astro-ph.HE]
Belczynski, K., Askar, A., Arca-Sedda, M., et al. 2017b,
ArXiv e-prints, arXiv:1712.00632 [astro-ph.HE]
Belczynski, K., Bulik, T., Olejak, A., et al. 2018a, arXiv
e-prints, arXiv:1812.10065 [astro-ph.HE]
Belczynski, K., Askar, A., Arca-Sedda, M., et al. 2018b,
A&A, 615, A91
Beloborodov, A. M. 2008, AIP Conference Proceedings:
Cool Disks, Hot Flows: The Varying Faces of Accreting
Compact Objects, 1054, 51
Bensby, T., Feltzing, S., & Oey, M. S. 2014, A&A, 562, A71
Berger, E. 2014, ARA&A, 52, 43
Bertolli, M. G., Herwig, F., Pignatari, M., & Kawano, T.
2013, ArXiv e-prints, arXiv:1310.4578 [astro-ph.SR]
Beun, J., McLaughlin, G. C., Surman, R., & Hix, W. R.
2006, PhRvD, 73, 093007
Bisterzo, S., Travaglio, C., Gallino, R., Wiescher, M., &
Ka¨ppeler, F. 2014, ApJ, 787, 10
Blanchard, P. K., Berger, E., Fong, W., et al. 2017, ApJL,
848, L22
Bliss, J., Arcones, A., & Qian, Y.-Z. 2018, ArXiv e-prints,
arXiv:1804.03947 [astro-ph.HE]
Bloom, J. S., Sigurdsson, S., & Pols, O. R. 1999, MNRAS,
305, 763
Bonetti, M., Perego, A., Capelo, P. R., Dotti, M., & Miller,
M. C. 2018, PASA, 35, e017
Bovard, L., Martin, D., Guercilena, F., et al. 2017, PhRvD,
96, 124005
Buder, S., Asplund, M., Duong, L., et al. 2018, MNRAS,
478, 4513
Burris, D. L., Pilachowski, C. A., Armandroff, T. E., et al.
2000, ApJ, 544, 302
Cameron, A. G. W. 2003, ApJ, 587, 327
Cescutti, G., Romano, D., Matteucci, F., Chiappini, C., &
Hirschi, R. 2015, A&A, 577, A139
Chiappini, C., Matteucci, F., & Gratton, R. 1997, ApJ,
477, 765
Chornock, R., Berger, E., Kasen, D., et al. 2017, ApJL,
848, L19
Christlieb, N., Gustafsson, B., Korn, A. J., et al. 2004, ApJ,
603, 708
Chruslinska, M., Belczynski, K., Klencki, J., &
Benacquista, M. 2018, MNRAS, 474, 2937
Ciolfi, R., Kastaun, W., Giacomazzo, B., et al. 2017,
PhRvD, 95, 063016
Clarkson, O., Herwig, F., & Pignatari, M. 2018, MNRAS,
474, L37
Connelly, J. N., Bollard, J., & Bizzarro, M. 2017, GeoCoA,
201, 345
Coˆte´, B., Belczynski, K., Fryer, C. L., et al. 2017a, ApJ,
836, 230
Coˆte´, B., Denissenkov, P., Herwig, F., et al. 2018a, ApJ,
854, 105
Coˆte´, B., O’Shea, B. W., Ritter, C., Herwig, F., & Venn,
K. A. 2017b, ApJ, 835, 128
Coˆte´, B., Ritter, C., O’Shea, B. W., et al. 2016, ApJ, 824,
82
Coˆte´, B., Fryer, C. L., Belczynski, K., et al. 2018b, ApJ,
855, 99
Coulter, D. A., Foley, R. J., Kilpatrick, C. D., et al. 2017,
Science, 358, 1556
Mergers Might Not be the Only Source 25
Cowan, J. J., Roederer, I. U., Sneden, C., & Lawler, J. E.
2011, in RR Lyrae Stars, Metal-Poor Stars, and the
Galaxy, ed. A. McWilliam, Vol. 5, 223
Cowan, J. J., & Rose, W. K. 1977, ApJ, 212, 149
Cowan, J. J., Sneden, C., Lawler, J. E., et al. 2019, arXiv
e-prints, arXiv:1901.01410 [astro-ph.HE]
Cowperthwaite, P. S., Berger, E., Villar, V. A., et al. 2017,
The Astrophysical Journal Letters, 848, L17
Cristallo, S., Abia, C., Straniero, O., & Piersanti, L. 2015,
ApJ, 801, 53
Dardelet, L., Ritter, C., Prado, P., et al. 2014, in XIII
Nuclei in the Cosmos (NIC XIII), 145
D’Avanzo, P. 2015, Journal of High Energy Astrophysics, 7,
73
de Mink, S. E., & Belczynski, K. 2015, ApJ, 814, 58
Denissenkov, P., Perdikakis, G., Herwig, F., et al. 2018,
Journal of Physics G Nuclear Physics, 45, 055203
Denissenkov, P. A., Herwig, F., Battino, U., et al. 2017,
ApJL, 834, L10
Dessart, L., Ott, C. D., Burrows, A., Rosswog, S., & Livne,
E. 2009, ApJ, 690, 1681
Doherty, C. L., Gil-Pons, P., Lau, H. H. B., Lattanzio,
J. C., & Siess, L. 2014a, MNRAS, 437, 195
Doherty, C. L., Gil-Pons, P., Lau, H. H. B., et al. 2014b,
MNRAS, 441, 582
Dominik, M., Belczynski, K., Fryer, C., et al. 2012, ApJ,
759, 52
Drout, M. R., Piro, A. L., Shappee, B. J., et al. 2017,
Science, 358, 1570
Duggan, G. E., Kirby, E. N., Andrievsky, S. M., & Korotin,
S. A. 2018, ApJ, 869, 50
Eichler, M., Arcones, A., Kelic, A., et al. 2015, ApJ, 808, 30
Eichler, M., Nakamura, K., Takiwaki, T., et al. 2018,
Journal of Physics G Nuclear Physics, 45, 014001
Ezzeddine, R., Frebel, A., & Plez, B. 2017, ApJ, 847, 142
Farouqi, K., Kratz, K.-L., Mashonkina, L. I., et al. 2009,
ApJL, 694, L49
Ferna´ndez, R., Kasen, D., Metzger, B. D., & Quataert, E.
2015, MNRAS, 446, 750
Ferna´ndez, R., & Metzger, B. D. 2013, MNRAS, 435, 502
—. 2016, Annual Review of Nuclear and Particle Science,
66, 23
Few, C. G., Courty, S., Gibson, B. K., Michel-Dansac, L.,
& Calura, F. 2014, MNRAS, 444, 3845
Fong, W., Berger, E., Chornock, R., et al. 2013, ApJ, 769,
56
Fong, W., Berger, E., Blanchard, P. K., et al. 2017, ApJL,
848, L23
Foucart, F. 2012, Phys. Rev. D, 86, 124007
Foucart, F., O’Connor, E., Roberts, L., et al. 2016, PhRvD,
94, 123016
Frebel, A. 2018, ArXiv e-prints, arXiv:1806.08955
[astro-ph.SR]
Frebel, A., Christlieb, N., Norris, J. E., et al. 2007, ApJL,
660, L117
Frebel, A., & Norris, J. E. 2015, ARA&A, 53, 631
Frischknecht, U., Hirschi, R., Pignatari, M., et al. 2016,
MNRAS, 456, 1803
Fro¨hlich, C., Mart´ınez-Pinedo, G., Liebendo¨rfer, M., et al.
2006, Physical Review Letters, 96, 142502
Fryer, C. L., Belczynski, K., Wiktorowicz, G., et al. 2012,
ApJ, 749, 91
Fryer, C. L., Herwig, F., Hungerford, A., & Timmes, F. X.
2006, ApJL, 646, L131
Fryer, C. L., Woosley, S. E., & Hartmann, D. H. 1999, ApJ,
526, 152
Fujibayashi, S., Sekiguchi, Y., Kiuchi, K., & Shibata, M.
2017, ApJ, 846, 114
Gallino, R., Arlandini, C., Busso, M., et al. 1998, ApJ, 497,
388
Giacobbo, N., & Mapelli, M. 2018, ArXiv e-prints,
arXiv:1805.11100 [astro-ph.SR]
Giacomazzo, B., Perna, R., Rezzolla, L., Troja, E., &
Lazzati, D. 2013, ApJL, 762, L18
Gibson, B. K., Fenner, Y., Renda, A., Kawata, D., & Lee,
H.-c. 2003, PASA, 20, 401
Gompertz, B. P., Levan, A. J., Tanvir, N. R., et al. 2017,
ArXiv e-prints, arXiv:1710.05442 [astro-ph.HE]
Gonza´lez Delgado, R. M., Cid Fernandes, R., Pe´rez, E.,
et al. 2016, A&A, 590, A44
Goriely, S. 2015, European Physical Journal A, 51, 22
Goriely, S., Bauswein, A., & Janka, H.-T. 2011, ApJL, 738,
L32
Graur, O., Bianco, F. B., Huang, S., et al. 2017a, ApJ, 837,
120
Graur, O., Bianco, F. B., Modjaz, M., et al. 2017b, ApJ,
837, 121
Graur, O., Poznanski, D., Maoz, D., et al. 2011, MNRAS,
417, 916
Graur, O., Rodney, S. A., Maoz, D., et al. 2014, ApJ, 783,
28
Greggio, L. 2005, A&A, 441, 1055
Grichener, A., & Soker, N. 2018, arXiv e-prints,
arXiv:1810.03889 [astro-ph.SR]
Guiglion, G., de Laverny, P., Recio-Blanco, A., & Prantzos,
N. 2018, A&A, 619, A143
Hampel, M., Stancliffe, R. J., Lugaro, M., & Meyer, B. S.
2016, ApJ, 831, 171
26 Coˆte´ et al.
Hansen, C. J., El-Souri, M., Monaco, L., et al. 2018a, ApJ,
855, 83
Hansen, C. J., Montes, F., & Arcones, A. 2014, ApJ, 797,
123
Hansen, C. J., Ludwig, H.-G., Seifert, W., et al. 2015a,
Astronomische Nachrichten, 336, 665
Hansen, T., Hansen, C. J., Christlieb, N., et al. 2015b, ApJ,
807, 173
Hansen, T. T., Holmbeck, E. M., Beers, T. C., et al. 2018b,
ApJ, 858, 92
Haynes, C. J., & Kobayashi, C. 2019, MNRAS, 483, 5123
Heringer, E., Pritchet, C., Kezwer, J., et al. 2017, ApJ, 834,
15
Herwig, F., Pignatari, M., Woodward, P. R., et al. 2011,
ApJ, 727, 89
Herwig, F., Woodward, P. R., Lin, P.-H., Knox, M., &
Fryer, C. 2014, ApJL, 792, L3
Hill, V., Plez, B., Cayrel, R., et al. 2002, A&A, 387, 560
Hirai, Y., Ishimaru, Y., Saitoh, T. R., et al. 2015, ApJ, 814,
41
Holmbeck, E. M., Beers, T. C., Roederer, I. U., et al. 2018,
ApJL, 859, L24
Honda, S., Aoki, W., Ishimaru, Y., Wanajo, S., & Ryan,
S. G. 2006, ApJ, 643, 1180
Horowitz, C. J., Arcones, A., Coˆte´, B., et al. 2018, ArXiv
e-prints, arXiv:1805.04637 [astro-ph.SR]
Hotokezaka, K., Beniamini, P., & Piran, T. 2018,
International Journal of Modern Physics D, 27, 1842005
Hotokezaka, K., Piran, T., & Paul, M. 2015, Nature
Physics, 11, 1042
Im, M., Yoon, Y., Lee, S.-K. J., et al. 2017, ApJL, 849, L16
Ishimaru, Y., Wanajo, S., & Prantzos, N. 2015, ApJL, 804,
L35
Iwamoto, K., Brachwitz, F., Nomoto, K., et al. 1999, ApJS,
125, 439
Ji, A. P., & Frebel, A. 2018, ApJ, 856, 138
Ji, A. P., Frebel, A., Chiti, A., & Simon, J. D. 2016a,
Nature, 531, 610
Ji, A. P., Frebel, A., Simon, J. D., & Chiti, A. 2016b, ApJ,
830, 93
Jones, S., Ritter, C., Herwig, F., et al. 2016, MNRAS, 455,
3848
Jose´, J., & Hernanz, M. 1998, ApJ, 494, 680
Just, O., Bauswein, A., Pulpillo, R. A., Goriely, S., &
Janka, H.-T. 2015, MNRAS, 448, 541
Kappeler, F., Beer, H., & Wisshak, K. 1989, Reports on
Progress in Physics, 52, 945
Karakas, A. I. 2010, Principles and Perspectives in
Cosmochemistry, 107
Kasen, D., Metzger, B., Barnes, J., Quataert, E., &
Ramirez-Ruiz, E. 2017, Nature, 551, 80
Kelic, A., Valentina Ricciardi, M., & Schmidt, K.-H. 2009,
ArXiv e-prints, arXiv:0906.4193 [nucl-th]
Kelley, L. Z., Ramirez-Ruiz, E., Zemp, M., Diemand, J., &
Mandel, I. 2010, ApJL, 725, L91
Kelvin, L. S., Driver, S. P., Robotham, A. S. G., et al.
2014, MNRAS, 444, 1647
Kennicutt, Jr., R. C. 1998, ApJ, 498, 541
Komiya, Y., & Shigeyama, T. 2016, ApJ, 830, 76
Korobkin, O., Rosswog, S., Arcones, A., & Winteler, C.
2012, MNRAS, 426, 1940
Krisciunas, K., Contreras, C., Burns, C. R., et al. 2017, AJ,
154, 211
Kruckow, M. U., Tauris, T. M., Langer, N., Kramer, M., &
Izzard, R. G. 2018, ArXiv e-prints, arXiv:1801.05433
[astro-ph.SR]
Kyutoku, K., Kiuchi, K., Sekiguchi, Y., Shibata, M., &
Taniguchi, K. 2018, PhRvD, 97, 023009
Leaman, J., Li, W., Chornock, R., & Filippenko, A. V.
2011, MNRAS, 412, 1419
Levan, A. J., Lyman, J. D., Tanvir, N. R., et al. 2017,
ApJL, 848, L28
Li, W., Chornock, R., Leaman, J., et al. 2011, MNRAS,
412, 1473
Linares, M., Shahbaz, T., & Casares, J. 2018, ArXiv
e-prints, arXiv:1805.08799 [astro-ph.HE]
Lugaro, M., Campbell, S. W., Van Winckel, H., et al. 2015,
A&A, 583, A77
Lugaro, M., Ott, U., & Kereszturi, A´. 2018, Progress in
Particle and Nuclear Physics, 102, 1
Macias, P., & Ramirez-Ruiz, E. 2018, ApJ, 860, 89
Maeder, A., Grebel, E. K., & Mermilliod, J.-C. 1999, A&A,
346, 459
Maeder, A., & Meynet, G. 2001, A&A, 373, 555
Mannucci, F., Della Valle, M., Panagia, N., et al. 2005,
A&A, 433, 807
Maoz, D., Mannucci, F., & Brandt, T. D. 2012, MNRAS,
426, 3282
Maoz, D., Mannucci, F., & Nelemans, G. 2014, ARA&A,
52, 107
Maoz, D., Sharon, K., & Gal-Yam, A. 2010, ApJ, 722, 1879
Martayan, C., Fre´mat, Y., Hubert, A.-M., et al. 2007,
A&A, 462, 683
Martin, D., Perego, A., Arcones, A., et al. 2015, ApJ, 813, 2
Martin, D., Perego, A., Kastaun, W., & Arcones, A. 2018,
Classical and Quantum Gravity, 35, 034001
Mashonkina, L., Christlieb, N., & Eriksson, K. 2014, A&A,
569, A43
Mergers Might Not be the Only Source 27
Matteucci, F. 2014, The Origin of the Galaxy and Local
Group, Saas-Fee Advanced Course, Volume 37. ISBN
978-3-642-41719-1. Springer-Verlag Berlin Heidelberg,
2014, p. 145, 37, 145
Matteucci, F., & Greggio, L. 1986, A&A, 154, 279
Matteucci, F., Romano, D., Arcones, A., Korobkin, O., &
Rosswog, S. 2014, MNRAS, 438, 2177
Matteucci, F., Spitoni, E., Recchi, S., & Valiante, R. 2009,
A&A, 501, 531
Mendoza-Temis, J. d. J., Wu, M.-R., Langanke, K., et al.
2015, Phys. Rev. C, 92, 055805
Metzger, B. D., Bauswein, A., Goriely, S., & Kasen, D.
2015, MNRAS, 446, 1115
Metzger, B. D., Thompson, T. A., & Quataert, E. 2007,
ApJ, 659, 561
—. 2008, ApJ, 676, 1130
Mishenina, T., Pignatari, M., Carraro, G., et al. 2015,
MNRAS, 446, 3651
Mishenina, T., Pignatari, M., Coˆte´, B., et al. 2017,
MNRAS, 469, 4378
Miyaji, S., Nomoto, K., Yokoi, K., & Sugimoto, D. 1980,
PASJ, 32, 303
Moffett, A. J., Ingarfield, S. A., Driver, S. P., et al. 2016,
MNRAS, 457, 1308
Montes, F., Beers, T. C., Cowan, J., et al. 2007, ApJ, 671,
1685
Mo¨sta, P., Roberts, L. F., Halevi, G., et al. 2017, ArXiv
e-prints, arXiv:1712.09370 [astro-ph.HE]
Mumpower, M. R., Surman, R., McLaughlin, G. C., &
Aprahamian, A. 2016, Progress in Particle and Nuclear
Physics, 86, 86
Naiman, J. P., Pillepich, A., Springel, V., et al. 2018,
MNRAS, arXiv:1707.03401
Nishimura, N., Sawai, H., Takiwaki, T., Yamada, S., &
Thielemann, F.-K. 2017, ApJL, 836, L21
Nishimura, N., Takiwaki, T., & Thielemann, F.-K. 2015,
ApJ, 810, 109
Nishimura, S., Kotake, K., Hashimoto, M.-a., et al. 2006,
ApJ, 642, 410
Nomoto, K., Kobayashi, C., & Tominaga, N. 2013,
ARA&A, 51
Nomoto, K., & Kondo, Y. 1991, ApJL, 367, L19
Obergaulinger, M., & Aloy, M. A´. 2017, MNRAS, 469, L43
Obergaulinger, M., Cerda´-Dura´n, P., Mu¨ller, E., & Aloy,
M. A. 2009, A&A, 498, 241
Palenzuela, C., Liebling, S. L., Neilsen, D., et al. 2015,
PhRvD, 92, 044045
Palmese, A., Hartley, W., Tarsitano, F., et al. 2017, ApJL,
849, L34
Pan, Y.-C., Kilpatrick, C. D., Simon, J. D., et al. 2017,
ApJL, 848, L30
Papish, O., Soker, N., & Bukay, I. 2015, MNRAS, 449, 288
Perego, A., Rosswog, S., Cabezo´n, R. M., et al. 2014,
MNRAS, 443, 3134
Perrett, K., Sullivan, M., Conley, A., et al. 2012, AJ, 144,
59
Pian, E., D’Avanzo, P., Benetti, S., et al. 2017, Nature,
551, 67
Pignatari, M., Gallino, R., Meynet, G., et al. 2008, ApJL,
687, L95
Placco, V. M., Holmbeck, E. M., Frebel, A., et al. 2017,
ApJ, 844, 18
Podsiadlowski, P., Langer, N., Poelarends, A. J. T., et al.
2004, ApJ, 612, 1044
Prantzos, N. 2008, in EAS Publications Series, Vol. 32, EAS
Publications Series, ed. C. Charbonnel & J.-P. Zahn, 311
Radice, D., Galeazzi, F., Lippuner, J., et al. 2016, MNRAS,
460, 3255
Reichert, M., Obergaulinger, M., Aloy, M. A´., & Arcones,
A. in preparation
Ritter, C., Coˆte´, B., Herwig, F., Navarro, J. F., & Fryer,
C. L. 2018a, ApJS, 237, 42
Ritter, C., Herwig, F., Jones, S., et al. 2018b, MNRAS, 480,
538
Roberts, L. F., Kasen, D., Lee, W. H., & Ramirez-Ruiz, E.
2011, ApJL, 736, L21
Roberts, L. F., Woosley, S. E., & Hoffman, R. D. 2010,
ApJ, 722, 954
Roberts, L. F., Lippuner, J., Duez, M. D., et al. 2017,
MNRAS, 464, 3907
Roederer, I. U., Cowan, J. J., Karakas, A. I., et al. 2010,
ApJ, 724, 975
Roederer, I. U., Cowan, J. J., Preston, G. W., et al. 2014a,
MNRAS, 445, 2970
Roederer, I. U., Jacobson, H. R., Thanathibodee, T.,
Frebel, A., & Toller, E. 2014b, ApJ, 797, 69
Roederer, I. U., Karakas, A. I., Pignatari, M., & Herwig, F.
2016a, ApJ, 821, 37
—. 2016b, ApJ, 821, 37
Roederer, I. U., Kratz, K.-L., Frebel, A., et al. 2009a, ApJ,
698, 1963
—. 2009b, ApJ, 698, 1963
Roederer, I. U., & Lawler, J. E. 2012, ApJ, 750, 76
Roederer, I. U., Lawler, J. E., Cowan, J. J., et al. 2012a,
ApJL, 747, L8
Roederer, I. U., Lawler, J. E., Sobeck, J. S., et al. 2012b,
ApJS, 203, 27
Roederer, I. U., Mateo, M., Bailey, III, J. I., et al. 2016c,
AJ, 151, 82
28 Coˆte´ et al.
Rosswog, S. 2015, International Journal of Modern Physics
D, 24, 1530012
Rosswog, S., Feindt, U., Korobkin, O., et al. 2017a,
Classical and Quantum Gravity, 34, 104001
Rosswog, S., Korobkin, O., Arcones, A., Thielemann, F.-K.,
& Piran, T. 2014, MNRAS, 439, 744
Rosswog, S., Liebendo¨rfer, M., Thielemann, F.-K., et al.
1999, A&A, 341, 499
Rosswog, S., Piran, T., & Nakar, E. 2013, MNRAS, 430,
2585
Rosswog, S., Sollerman, J., Feindt, U., et al. 2017b, ArXiv
e-prints, arXiv:1710.05445 [astro-ph.HE]
—. 2018, A&A, 615, A132
Ruiter, A. J., Belczynski, K., & Fryer, C. 2009, ApJ, 699,
2026
Ruiter, A. J., Ferrario, L., Belczynski, K., et al. 2018,
ArXiv e-prints, arXiv:1802.02437 [astro-ph.SR]
Safarzadeh, M., & Coˆte´, B. 2017, MNRAS, 471, 4488
Safarzadeh, M., Sarmento, R., & Scannapieco, E. 2018,
arXiv e-prints, arXiv:1812.02779
Safarzadeh, M., & Scannapieco, E. 2017, MNRAS, 471,
2088
Sakari, C. M., Placco, V. M., Hansen, T., et al. 2018, ApJL,
854, L20
Sako, M., Bassett, B., Becker, A. C., et al. 2014, ArXiv
e-prints, arXiv:1401.3317 [astro-ph.CO]
Schatz, H., Toenjes, R., Pfeiffer, B., et al. 2002, ApJ, 579,
626
Scho¨nrich, R., & Weinberg, D. H. 2019, arXiv e-prints,
arXiv:1901.09938
Sekiguchi, Y., Kiuchi, K., Kyutoku, K., & Shibata, M.
2015, Phys. Rev. D, 91, 064059
Shen, S., Cooke, R. J., Ramirez-Ruiz, E., et al. 2015, ApJ,
807, 115
Siegel, D. M., Barnes, J., & Metzger, B. D. 2018, arXiv
e-prints, arXiv:1810.00098 [astro-ph.HE]
Siegel, D. M., & Metzger, B. D. 2017, Physical Review
Letters, 119, 231102
—. 2018, ApJ, 858, 52
Simmerer, J., Sneden, C., Cowan, J. J., et al. 2004, ApJ,
617, 1091
Simonetti, P., Matteucci, F., Greggio, L., & Cescutti, G.
2019, arXiv e-prints, arXiv:1901.02732 [astro-ph.HE]
Siqueira Mello, C., Spite, M., Barbuy, B., et al. 2013, A&A,
550, A122
Sneden, C., Cowan, J. J., & Gallino, R. 2008, ARA&A, 46,
241
Sneden, C., Cowan, J. J., Lawler, J. E., et al. 2003, ApJ,
591, 936
Soker, N., & Gilkis, A. 2017, ApJ, 851, 95
Somerville, R. S., & Dave´, R. 2015, ARA&A, 53, 51
Spina, L., Mele´ndez, J., Karakas, A. I., et al. 2018,
MNRAS, 474, 2580
Spite, F., Spite, M., Barbuy, B., et al. 2018, A&A, 611, A30
Stovall, K., Freire, P. C. C., Chatterjee, S., et al. 2018,
ApJL, 854, L22
Tanaka, M., Utsumi, Y., Mazzali, P. A., et al. 2017, PASJ,
arXiv:1710.05850 [astro-ph.HE]
Tanvir, N. R., Levan, A. J., Gonzlez-Fernndez, C., et al.
2017, The Astrophysical Journal Letters, 848, L27
Tauris, T. M., Kramer, M., Freire, P. C. C., et al. 2017,
ApJ, 846, 170
Thanjavur, K., Simard, L., Bluck, A. F. L., & Mendel, T.
2016, MNRAS, 459, 44
Thielemann, F.-K., Eichler, M., Panov, I. V., & Wehmeyer,
B. 2017, Annual Review of Nuclear and Particle Science,
67, 253
Thompson, T. A. 2003, ApJL, 585, L33
Thompson, T. A., & ud-Doula, A. 2018, MNRAS, 476, 5502
Totani, T., Morokuma, T., Oda, T., Doi, M., & Yasuda, N.
2008, PASJ, 60, 1327
Uddin, S. A., Mould, J., & Wang, L. 2017, ApJ, 850, 135
van de Sande, J., Scott, N., Bland-Hawthorn, J., et al.
2018, ArXiv e-prints, arXiv:1804.07769
van de Voort, F., Quataert, E., Hopkins, P. F., Keresˇ, D., &
Faucher-Gigue`re, C.-A. 2015, MNRAS, 447, 140
Van Der Walt, S., Colbert, S. C., & Varoquaux, G. 2011,
ArXiv e-prints, arXiv:1102.1523 [cs.MS]
Vigna-Go´mez, A., Neijssel, C. J., Stevenson, S., et al. 2018,
ArXiv e-prints, arXiv:1805.07974 [astro-ph.SR]
Villar, V. A., Guillochon, J., Berger, E., et al. 2017, ApJL,
851, L21
Vlasov, A. D., Metzger, B. D., & Thompson, T. A. 2014,
MNRAS, 444, 3537
Wallner, A., Faestermann, T., Feige, J., et al. 2015, Nature
Communications, 6, 5956
Wanajo, S. 2018, ApJ, 868, 65
Wanajo, S., Sekiguchi, Y., Nishimura, N., et al. 2014,
ApJL, 789, L39
Wang, H., Zhang, F.-W., Wang, Y.-Z., et al. 2017, ArXiv
e-prints, arXiv:1710.05805 [astro-ph.HE]
Wehmeyer, B., Pignatari, M., & Thielemann, F.-K. 2015,
MNRAS, 452, 1970
Winteler, C., Ka¨ppeli, R., Perego, A., et al. 2012, ApJL,
750, L22
Wollaeger, R. T., Korobkin, O., Fontes, C. J., et al. 2018,
MNRAS, 478, 3298
Woodward, P. R., Herwig, F., & Lin, P.-H. 2015, ApJ, 798,
49
Mergers Might Not be the Only Source 29
Woosley, S. E., Heger, A., & Weaver, T. A. 2002, Reviews
of Modern Physics, 74, 1015
Wu, M.-R., Barnes, J., Martinez-Pinedo, G., & Metzger,
B. D. 2018, arXiv e-prints, arXiv:1808.10459 [astro-ph.HE]
Wu, M.-R., Ferna´ndez, R., Mart´ınez-Pinedo, G., &
Metzger, B. D. 2016, MNRAS, 463, 2323
Zemp, M., Ramirez-Ruiz, E., & Diemand, J. 2009, ApJL,
705, L186
Zhu, Y., Wollaeger, R. T., Vassh, N., et al. 2018, ArXiv
e-prints, arXiv:1806.09724 [astro-ph.HE]
